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FOREWORD

This report was preparedbythe Lockheed Palo Alto Research Laboratory,
Lockheed Missiles & Space Company, Inc., for the George C. Marshall
Space Flight Center of the National Aeronautics and Space Administration
as the final report of the research activities carried out under Contract
NAS 8-26304 from July 1970 to June 1973. The NASA Project Manager
was Mr. Roger Harwell, George C. Marshall Space Flight Center,

Materials Division, Astronautics Laboratory.
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ABSTRACT

Studies were made to develop a test apparatus for the measurement of
total emittance of materials under repeated exposure to simulated earth
entry conditions. As no existing test facility met the emittance measure-
ment and entry simulation goals, a new apparatus was designed, fabricated
and checked out. This apparatus has the capability of performing total and
spectral emittance measurements during cyclic temperature and pressure
exposure under sonic and supersonic flow conditions. Emittance measure-
ments were performed on a series of oxidized superalloys, silicide coated

columbium alloys and ceramic coatings.
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SYMBOLS

Area (cmz)

12 watt—cmz)

First radiation constant (3.7405 X 10~

Second radiation constant (1.4388 cm-°K)

Total emissive power of a surface (watts/cmz)

NOTE: For a blackbody, Eb =0T

Spectral emissive power of a surface (watts /cm3)
5, ¢ AT

NOTE: For a blackbody, E7\b = cl/)\ (e”2 -1)

Natural logarithm base (2.718...)

Detection system or radiometer response constants

Mach number

Free stream Mach Number

Radiance of a surface (watts /cmz—sr)

Specfral radiance of a surface (watts/ cmg-sr)

Pressure (torr), or Power (watts)

Test chamber pressure

Upstream pressure to sonic and supersonic flow nozzles

Total pressure at sample surface in sonic or supersonic flow environments,

measured pressure with flat calibrating test plate (see Section 6. 1)
Input heating power to test-section area of sample (watts)

Non-radiative power loss from the test-section area of sample (watts)
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Convective heat flux (watts /mz)
Radiative heat flux (watts /mz)
Aerodynamic heat flux (watts /mz)

Radiometer signal for a particular target (volts); e.g., Sg when viewing
sample, Sy when viewing radiometer reference cavity, S, when viewing

blackbody target
Temperature (°K)
Boundary layer velocity (km/sec)
Radiometer output signal for a particular target (volts), e.g.,
Vv,.=S -8
s s T
Absorptance
Spectral absorptance

Solar absorptance

Boundary layer thickness (meters)

. Emittance

Spectral emittance
Total normal emittance
Total hemispherical emittance

Used to designate assumed values of total and spectral emittance in
figures 9, 10, 11

Wavelength (um)

Direction angles for emitted radiation (pp 5) or incident radiation (pp 6)
Direction angles for reflected radiation (pp 6)

Reflectance

Spectral reflectance
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Subscripts

b
s

c,ch,r,

W, 0

Stefan-Boltzmann constant (5. 6697 X 10~

Transmittance

Spectral transmittance

Designates property of blackbody

Designates property of sample

12
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watts /cmz- °K4)

Used in Section 5 to designate properties of the test chamber walls,

chopper blade, reference cavity, window and ambient temperature

surrounds, respectively

Total

xxi
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Section 1
INTRODUCTION

Design of radiatively cooled thermal protection systems for reusable earth entry
vehicles is dependent upon an accurate knowledge of the total emittance of the exterior
surface material as a function of temperature, and the stability of this property during
exposure to the entry environment, Beéause of the reusability factor, the emittance
of the high-temperature materials should be evaluated for repeated exposures to
cyclic temperatures in an oxidizing atmosphere at total pressures from less than 1
torr to nearly atmospheric pressure, Considerations must alsb be given to the effects
of the gas stream in terms of velocity, angle of incidence on the surface, composition,
and its temperature in relation to that of the surface, Because of the complexity
introduced by the environmental simulation aspect the selection of the technigue and
experimental apparatus was made after the completion of a study of the exposure
conditions required to reasonably duplicate the behavior of the radiative properties of
candidate materials under entry conditions, Investigations were then made into the
potential of using existing facilities to perform emittance studies for this application.
As none met the requirements for simulation together with adequate emittance meas-
urement capability, a new facility was prepared. This apparatus has the capability
for total and spectral emittance measurements on metals and ceramic coatings to
1900°K at pressures of 10_6 to 760 torr in a static atmosphere or with a flow of air
directed onto the test surface, The air velocity may be varied from subsonic to

Mach 3, and the apparatus is designed such that provision can be made for heating the
air stream to 2200° K using an r-f plasma,

The objectives of this program were to develop an experimental apparatus for emit-
tance measurements under simulated entry conditions and to perform measurements

on a series of candidate space shuttle thermal protection system materials under

1-1
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repeated simulated entry exposure conditions, The capabilities of the experimental
apparatus are:

e Total and spectral normal emittance from 500° to 1900° K in static air and

during exposure to free stream Mach numbers to 3 (air)

e Total hemispherical emittance in vacuum (1 0—'5 torr) for electrical conductors

or surfaces on electrical conductors to 1900° K
e Total pressure on specimens from 1 to 760 torr during flow testing

e Flow system adaptable to hot gas source using r-f air plasma and hypersonic
Mach numbers

The materials investigated during the measurements phase of the program were:

e Anodized Ti-6A1-4V alloy, maximum test temperature of 700° K,

e Solar SP-93A-I coating on René 41 and oxidized Ren€ 41, maximum test
temperature of 1143° K,

e Oxidized HS-188, maximum test temperature of 1360° K,

o Oxidized TD Ni Cr, maximum test temperature of 1470° K,

e VH 101 coating on' Cb 129Y, maximum test temperature of 1640° K,
e R512E cbating on Cb 752, maximum test temperature of 1640°K,

o Lockheed Missiles and Space Co,, Inc, 0042 coating,

e McDonnell-Douglas HCF coating,

Emittance measurements were made in vacuum for the anodized Ti-6A1~4V alloy,
coated René 41 alloy, and six oxidized René 41 samples as discussed in Appendix A,
Static air as well as sonic and supersonic flow tests were conducted on oxidized
René 41 and all of the remaining high temperature alloy materials, No significant
differences in total emittance were observed between static, sonic and supersonic

exposures, Some changes in emittance between the as prepared and post-environmental

1-2
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exposure conditions were observed, but these generally occurred during the initial
exposure cycle, Static and sonic flow exposure tests were conducted on the RSI
coatings and no significant changes in the emittance properties of either material
were observed,

Discussions of the test facility development, checkout and measurement phases of the

program are given in the following sections,

1-3
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Section 2
SURVEY OF REQUIREMENTS AND FACILITIES

2.1 BACKGROUND

During the initial phase of the program a survey was made to determine the current
state-of-the-art in high temperature emittance measurement methods and available
test facilities which had environmental simulation capability, This survey was based
upon a comprehensive literature review and contacts with a number of industry,
government, and university personnel, Two computerized information retrieval
services, NASA/RECON and the Defense Documentation Center, were utilized for the
literature review, Using subject descriptors such as high temperature emittance,
materials, measurements, reentry vehicles, simulation, and radiant heat transfer
approximately 1300 references td technical journal articles and NASA and DOD
contractor's reports were obtained. From this total, 170 references were pertinent
to the materials and measurements problems of the program (Ref. 1), As a result of
the literature survey questionnaires were sent to 28 laboratories and research organi-
zations regarding experimental facilities, From the response to these questionnaires
visits were made to 10 laboratories to discuss measurement and simulation methods
and existing test facilities, The results of the survey and discussions were reviewed
in terms of measurement methods and simulation requirements, and an evaluation was

made of the existing test facilities,

Numerous experimental techniques have been used for determining the emittance of
opaque materials over a wide range of temperatures, Direct methods of emittance
measurement employ either calorimetric (total hemispherical emittance) or radiomet-
ric (total or spectral directional) techniques, Emittance is also computed (indirect
method) from the measured reflectance properties of a surface. Before proceeding

to a discussion of the measurement methods the radiant properties are briefly

summarized.

2-1

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

Emittance — This is defined as the ratio of radiant power per unit area emitted by a
surface (from thermal excitation only) to that from a perfect emitter (a blackbody)
over all half-space above the surface. For the monochromatic case the surface
emittance is €, = E, / EAb . Total emittance is defined in the same manner, where
the emissive powers of the surface and the blackbody are integrated over all wave-
lengths, These are then respectively the monochromatic and total hemispherical
emittances of a surface,

Real surfaces exhibit a directional nonuniformity of energy distribution, and the
degree of nonuniformity is a function of both intrinsic material properties and surface
characteristics, Polished metals, for example, emit significantly more strongly at
grazing angles while dielectrics emit slightly more energy in a normal direction
(Ref, 2), Thus, to describe the emittance properties of a real surface the emittance
is defined in terms of the sphei'ical coordinates (0 ,&) of a directional beam from that
surface, Integration of the surface radiant power per unit area over all angles and
wavelengths and dividing this by the blackbody power results in the total emittance of
a directional surface,

Reflectance — Of the total radiant flux incident on an opaque surface, a fraction is
reflected and the remainder absorbed, From Kirchhoff's law, the absorptance and
emittance are equal provided that the energy absorbed or emitted is created by the
same temperature (i, e,, surface in thermal equilibrium with its surroundings and at
the same temperature as the surroundings). For the condition where the source and
surface are at different temperatures it can be shown through an extension of Kirch-
hoff's law that the monochromatic absorptance and emittance are equal (o, = € A ),
and monochromatic emittance can be derived from

€y = 1 —pA

which also applies to directional properties,
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The primary reflectance properties (Ref, 3) which may be used for computing emittance
are:

e Bihemispherical reflectance, ratio of energy reflected into hemisphere above

the surface to that diffusely incident over the hemisphere (€, =1- ph).

e Directional hemispherical reflectance, ratio of energy reflected into the
hemispherical space above the surface to that incident in an elemental cone

around 9, &, Hemispherical emittance, ¢, , computed from integration over

A 2
all angles of incidence,

¢ Bidirectional reflectance, ratio of energy reflected into an elemental cone in
the direction 6', &' to the energy incident within an elemental cone in
direction 4, &, Many measurements are required to obtain €, and the

A
time required becomes very cumbersome for transient studies,

2,2 THERMAL RADIATION PROPERTIES MEASUREMENT METHODS

As the radiation property of prime importance to the thermal protection system design
is total hem_isphérical emittance the ideal experimental method would be one which
measures this property directly. However, the environmental simulation require-
ments present several serious difficulties in utilizing this approach, Calorimetric
emittance measurements are based upon an energy balance with the surroundings,

and consequently, the convective heat transfer from the sample must be very accurately
known, Radiometric measurements of a nearly hemispherical emittance may also be
made, but the large collecting optical system interferes with the flow simulation,
Although radiometric measurements of directional emittance do not require optical
systems which are incompatible with the environmental requirements, the hemispher-
ical value must be obtained by either integration of the directional data or by assuming
a ratio of normal to hemispherical emittance for the surface, Reflectance measure-
ments also have been utilized for high temperature studies of emittance properties of
materials, but again, this approach is not compatible with the flow simulation re-
quirements because of the presence of optical elements within the test chamber which

are subject to contamination by the environment and interfere with the gas flow,
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The experimental methods which are most applicable to this program are the calor-
imetric or radiometric measurements of emittance, The success of the calorimetric
method is dependent upon the accuracy to which the convective heat transfer is known,
The radiometric method requires a calibrated detector and optical viewing system for
determining the quantity and quality of radiation emitted from the surface of a test
specimen relative to the radiation emitted by a blackbody at the same temperature,
The general test conditions and measurement parameters required for each of these
methods are reviewed below,

2.2.1 Calorimetric Methods

Calorimetric methods have been developed to determine the totdl hemispherical emit-
tance of specimens at temperatures as low as 20°K to temperatures as high as 3000°K,
The procedure involves a determination of the net energy lost by radiation from a
sample heated to a steady state test temperature, It is the most direct approach for
total hemispherical emittance determinations since directional effects need not be
considered in performing the energy balance, Heating of the sample can be accom-
plished with a variety of techniques, although at temperature above ambient levels it
is most common to use electrical power. For an electrically conducting material, a
current can be passed through the sample itself, while for insulators it is necessary
to place them on a substrate which is heated either electrically or by some other

means such as by a heater totally enclosed within the specimen,

As the calorimetric method is based upon an energy balance between the specimen and
its environment, the measurements are generally made in vacuum so that radiation is
the only significant heat-transfer mechanism, For test chamber pressures above

1()"2 torr, convective heat transfer becomes increasingly important and must be
accurately accounted for in order to preserve the accuracy of the total hemispherical 4
emittance determination., Convective heat-loss corrections are difficult to determine
and change with ambient pressure, surface temperature, specimen size, and specimen
orientation; consequently, radiometric measurement methods are generally used for

nonvacuum exposure conditions, Calorimetric emittance determinations in flowing-gas
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environments are virtually impossible with any suitable degree of accuracy because of

large errors associated with the convective heat transfer,

From the energy balance equation for a sample at steady state conditions the total
hemispherical emittance is computed from (Ref, 4)

P, -P
€ - in L

TH i 4
A, G(TS T )

and the accuracy of the calorimetrically determined value is a function of the following

parameters:
g the surface temperature of the test specimen
o’ the temperature of the test chamber walls surrounding the test specimen
g the radiating surface area of the test specimen

o, Stefan-Boltzmann constant
the input heating power to the test specimen

P the nonradiative heat losses from the test specimen

The uncertainty in test area, As’ is negligible for engineering calculations, For
electrical heating methods the error in Pin is generally less than 0,25 percent because
of the high accuracy of current and potential drop measuring instrumentation and the

availability of well regulated power supplies,

The principal sources of error are temperature measurement and the nonradiative

losses. The error in emittance due to temperature measurement is expressed as

4 4
aeg| | AT | ATy | _4T, AT
€s T¢-1*| Ts o | To
] o] S o
T
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and the emittance error as a function of the AT s/ TS and Ts/To terms as shown in
figure 1, The same results are obtained for values of AT S/T0 as a function of TO/TS.
Since the temperature of the surrounds represents a source of background energy that
must be differentiated from the sample emittance, it is customary to cool the back-
ground to levels where Ts/To 2 3,0, Measurements performed with TS/To < 3.0
require an accurate determination of both T s and To to avoid increasing the basic

error due to the sample temperature measurement,

The error due to nonradiative losses from the test area most commonly results from
solid conduction through instrumentation leads and to the cooled specimen ends and
from convection to an ambient atmosphere or a flowing gas stream, The influence of
solid conduction is minimized through the use of small leads and proper selection of
specimen geometry, Errors due to convection or gas conduction are generally
eliminated by performing the measurements under vacuum conditions (10“'5 torr or
less). In a static or flow environment at pressures in the range of 1 to 760 torr
convective losses become significant, The relationship of convective to radiative heat
transfer in a static environment is illustrated in figui'e 2, The error associated with
this loss is directly proportional to product of the uncertainty in the convective heat
flux and the ratio of convective-to-radiative heat fluxes, Experimental studies of the
convective loss term are discussed in Section 3, 3.

2.2.2 Radiometric Methods

Radiometric determinations of total or spectral high temperature emittance are
accomplished by "viewing'' the energy emitted by a sample with a calibrated detector.
For total measurements, the detector used can be a thermocouple, thermopile,
bolometer, or a similar unit that is responsive to the radiant flux emitted by the
specimen, For spectral measurements, the total detector is replaced by a mono-

chromator (prism, grating, or filter), and a sensitive detecting system,

The electrical heating technique is frequently used for conducting samples, Other

indirect methods such as radiant heating, induction heating, or electron beam heating
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Fig. 1 Error in Emittance Due to Temperature Measurement Error
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€rg = 0.8 and 0.5 in a Static Air Environment
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are also commonly used; however, the measurement procedure is basically the same,
The heated sample is surrounded by an enclosure at temperature To’ and the emitted
energy is detected by a calibrated detector, An external optical system is normally
used to collect and direct the emitted beam to the detecting system, and a beam-chop-
ping system is used to obtain a modulated detector signal suitable for amplification

and measurement, The simplified equation for emittance is
€ = V/Ko (T 4—T 4)
. s o
where V is the detector response and K a detection system constant,

From the preceding equation it is seen that temperature measurement errors have the
same effect on total emittance error as for the calorimetric method (see figure 1),
However, the other uncertainties associated with energy losses from the measuring
area by conduction and convection are eliminated in the radiometric method, For this
reason such measurements can bé made in air as long as the area viewed by the

detection system is uniform in both temperature and emittance,

The detector introduces sources of error that are difficult to assess numerically in
general terms since numerous types of detectors are in current use, Detector errors
are minimized through adherence to the following requirements:

e The detector is gray throughout the energy spectrum of interest (non-gray
error),

e Detector response is a linear function of incident energy (nonlinearity error),

e Detector response is uniform for energy incident from all receiving
directions (directional sensitivity error).

e Detector sensitivity for all surface area elements is constant (nonuniformity
error),

2-9

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHBEED MISSILES L SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

Since no single detector in current use meets all of these requirements, it is neces-
sary to systematically investigate the system performance in terms of the above

requirements to minimize errors due to the detection scheme,

Spectral emittance can be determined by focusing the emitted energy on the inlet slits
of a calibrated monochromator-detector system and scanning the spectrum of interest,
or by using narrow band pass filters in the detection system. For the spectral case,
the temperature measurement error is a function of both wavelength and absolute
temperature, and can be evaluated by

Ae cz/}\TS
= (e -1 e _—

The error as a function of wavelength is shown by figure 3 for several temperature
measurement errors. Errors due to the monochromatic detection system are similar
to those of a total detector with the addition of several sources within the monochrom-
ator itself, 'Scat'tered energy, wavelength resolution, atmospheric absorption, and
the effects of the reflecting and transmitting optics in the transfer system must also
be evaluated,

The direct measurement of hemispherical emittance using radiometric procedures can
be accomplished by collecting the sample enei'gy emitted over 27 steradians with a
parabolic or elliptic reflector and directing the collected energy to a detector, This
approach introduces problems due to blockage of the collected beam by the sample,
aberrations due to the required high f number system, interreflections between the
sample and detector, and in some cases detector heating, Also, large collecting
optics may interfere with the gas flow, and contamination of the optics is a serious
problem, In the practical application of this concept, it is often found that sample
directional effects are a major source of error because the collecting system is

sensitive to any nonuniformity of the collected beam,
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Fig. 3 Spectral Emittance Error as a Function of Wavelength and
Temperature Error

2.3 ENVIRONMENTAL SIMULATION

At high temperatures, the thermal radiative properties of many materials are strongly
dependent upon the environment in which they are heated. Factors such as time of
exposure and the pressure, temperature, and gas species present in the atmosphere
with which the material is in contact may control the composition of the surface layer
which in turn governs the radiative properties of the material, Shearing forces due to
high velocity flow may result in the removal of portions of this surface layer and alter
the radiative characteristics of the body, Also, rapid temperature changes may induce
thermal stresses which singly, or in combination with stresses due to the shear forces
will remove some of the surface material, Finally, as the shuttle is designed for up

to 100 reuse cycles, the effect of repeated exposure to these environments must be
considered. '
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Other environmental factors such as vibration, strain, water and salt atmospheres,
impact, and abrasion may also play an important role in the performance of the sur-
face material. Vibrational loads will occur principally during boost and at low alti-
tudes during entry at which time surface temperatures are low. Also, large strains
due to aerodynamic forces will not occur in the high temperature portions of the flight.
Similarly, exposure to water and salt atmospheres, erosion, and impact, except
orbital meteoroid considerations, will be during the low altitude part of the flight,
While these environmental factors are important to the reuse capability, they do not
bear directly on emittance stability during a specific entry cycle, As the effects of
these environments will not change with time, the period between environmental
exposure and testing will not have any significant influence on the emittance properties.
Specimens could be exposed to these mechanical and low altitude environments and
subsequently tested under the simulated emittance measurement entry conditions to
evaluate their effects on the radiative behavior of the candidate materials,

2.3.1 Entry Environment

To establish the simulation capabilities required for the test apparatus, an analysis
was performed to develop typical boundary layer flow properties at three locations
on an orbiter vehicle, For this purpose a Delta body configuration, figure 4, was
selected, and the entry trajectory parameters were for a 2300 km cross range,
figure 5, As no specific configuration had been selected by NASA for the orbiter at
this point in the program, the Delta body was used because of LMSC's extensive
studies on this configuration, Three surface locations representative of maximum
temperatures were employed for the analysis; stagnation point, lower surface at mid-
body, and leading edge, An approximate analysis was carri'ed_ out to determine
temperature density, and species concentration profiles across the boundary layer,
The following assumptions were made for the simplified model:

e Viscous flow field is locally similar in that the boundary layer flow at any
point along the vehicle surface approximates a wedge-like local pressure
gradient, Consequently, a similarity transformation can be used to reduce
the partial differential equations to the ordinary type for numerical analysis,
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Fig. 4 Delta Body Orbiter Configuration Used for Flow Properties Study
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e Equilibrium air chemistry with no surface ablation or mass injection,

The stagnation-point boundary layer profiles were developed using two functional
boundary layer computer programs, Vorticity and boundary layer thickness param-
eters were determined (Ref, 5), and then temperature and density profiles were
constructed (Ref. 6). Finally, equilibrium thermochemical calculations were carried
out to obtain species concentration profiles,

The procedure was also used to compute the boundary layer properties at the lower
surface location, However, in contrast to the stagnation point case, laminar-to-
turbulent transition occurs at this location during entry. Since the programs are valid
only for pure laminar or fully developed turbulent flows, the turbulent option was used
when transition was encountered, Also, because of vehicle pitching during entry,
crossflow boundary layer effects may oceur, However, since this location is on the
windward plane of symmetry, a small cross flow is anticipated at moderate angles of
attack, Thus, it was neglected for this analysis,

At the leading edge, the swept infinite cylinder theory was used as the vehicle config-
uration has a relatively straight swept leading edge, For the laminar flow regime,
assuming thermochemical equilibrium, the swept cylinder boundary layer profiles of
Ref. 7 were used to describe the leading edge case, At lower altitudes (<40 km), the
leading edge flow is turbulenf and the 1/5-power law of Ref. 8 was used in profile
determination,

The computed boundary layer properties are given in Table 1, and it is seen that
during the elevated temperature portion of the entry surface temperature will vary
from 500° to 1700°K; boundary layer temperatures range from less than 500° to
5,500° K; total pressures at the surface will vary from 5 to nearly 100 torr; and the
Mach number range is from 3 to 25, Also, dissociation of oxygen occurs in the
boundary layer, but with the exception of a very short time period at the stagnation
point, the boundary layer at the surface is essentially undissociated air (N2 and 02).
Using these results and limited data appearing in the open literature on the behavior
of materials in simulated earth entry environments, the flow simulation requirements

for the emittance apparatus were established.
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2.3.2 Flow Simulation Requirements

The results of a literature survey on the thermal radiative properties of candidate
space shuttle materials did not disclose any data as to the influence of velocity,
temperature, or composition of the gas stream on emittance, Limited information on
oxidation performance of some materials was found, and it was necessary to rely on
this information in the formulation of the simulation recommendations, The significant

parameters are summarized in the following subsections,

Velocity — Boundary layer velocity conditions may contribute to the radiative per-
formance of the surface material in terms of shear forces and mass transfer, Al-
though no facility exists for exact simulation of the velocity and pressure conditions
encountered during the entry trajectory, the requirement of approximating this
environment by using supersonic or hypersonic flow conditions was examined. Con-
sidering first the mechanical effects of shear stresses at the wall, these may cause
the thinning or total removal of a viscous or liquid surface layer or a loosely adhering
solid oxide film, As long as a glassy like material is used at a temperature sufficient-
ly below its melting or softening temperature, simulation of shear forces is not
necessary as demonstrated by the oxidation performance data of Perkins and Packer
(Ref, 9). Exposure of coated TZM (99 Mo-Ti-Zr) specimens in a Mach 3 turbulent
duct showed that at temperatures below 1850°K and pressures of 5 and 20 torr there
was essentially no difference in useful lifetime from that observed for slowly moving
air tests at the same temperatures and pressures, Similar agreement is reported for
coated columbium-based alloys and a Sn-Al coating on Ta-10W, Although thinning of
the coating occurred for the latter material, oxidation resistance was not significantly
altered from low velocity tests.

If the surface layer is homogeneous and has a very large extinction coefficient, such

as a metal, emittance at elevated temperatures will generally be independent of thick-
ness as long as the layer is a few thousand Angstroms thick, However, ceramic-like
materials typically have a smaller extinction coefficient, and a thinning of the coating

may reduce the optical thickness which will decrease the emittance, Therefore, the
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stability of radiative properties cannot be quantitatively related to oxidation perform-
ance for all materials, Little data was found in the literature which could be used to
relate emittance to flow conditions, Kaufman et al. (Refs, 10 and 11) reported emit-
tance data from supersonic arc and subsonic test facilities for a number of materials,
However, no conclusions can be drawn regarding velocity effects because low velocity
tests were conducted at nearly atmospheric pressures, whereas supersonic flow
conditions were achieved at much lower pressures, Goldstein and Centalanzi (Ref, 12)
have studied several TD Ni Cr alloys in a supersonic arc tunnel, They observed
differences in visual appearance of the surface between tunnel tests and the pre-
oxidized material (furnace); however, only limited emittance data were obtained

(A = 0.65um), and no comparison was presented regarding different flow conditions.

Another important factor of velocity is its effect on the mass transfer parameter at
the surface, For emittance testing, the conditions should be such that the reactions

in this test environment proceed as they would in the entry environment, If this
condition is met, then the surface composition and radiative properties should be the
same as for flight conditions, If the reaction kinetics are known for a particular
material, the mass transfer at the wall may be related to the heat transfer coefficient,
the velocity and density (evaluated at boundary layer edge conditions) and flow proper-
ties may be adjusted to give a mass transfer which is calculated for the specific-
material under flight conditions, Boeing (Ref. 13) conducted a study on the oxidation
of uncoated molybdenum in which they computed the attack rates for the X-20 vehicle
environment for various pressures and temperatures and compared these with exper-
imental data from a series of tests using near sonic flow of low temperature air over
a resistance heated strip of molybdenum, Their results showed that the lower velocity
conditions gave oxidation rates comparable to the values predicted for the flight
environment, In a direct comparison of subsonic and supersonic flow effects Buckley
etal, (Ref, 14) presented recession rate data for ATJ graphite and several graphite
composites from both subsonic and supersonic arc tunnel data, Surface temperatures
were on the order of 2500° K for the former and 3000° K for the latter test conditions,
The ATJ recession rates did not increase significantly with increasing Mach number,
The ATJ composite results did show a large increase in recession rate by going to

supersonic conditions, but the authors indicated that this was probably due to the
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higher temperature, and the velocity effect was small. Data reported by Kaufman
et al, (Ref. 10) for a number of materials show that at temperatures of 1900° K or
less no significant differences in recession rates were observed between supersonic
and high velocity subsonic flows,

Based upon these recession rate studies, supersonic flow conditions are not necessary
to achieve the mass transfer rates which will adequately simulate the shuttle vehicle
entry conditions, Considering that the candidate materials are selected for long-term
stability in order to have a reuse capability of 100 cycles, their reaction rates with the
oxidizing atmosphere will be much less than a bare refractory metal or graphite,
Consequently, the mass flow associated with the near sonic velocity at the specimen
will provide adequate mass transfer for these materials so that reactions will not be
diffusion limited by lack of oxygen in the boundary layer. Simulation of shear force is
not a realistic parameter in emittance testing, If this effect is an important consider-
ation for specific materials this type of exposure could be carried out in a facility
such as a turbulent duct, and then emittance measurements performed in a separate

facility,

Pressure —.Simﬁlation of the pressure history at the surface of the material is neces-
sary because the partial pressures of the gas species participating in the reaction and
the total pressure are major parameters in the reaction and mass transfer rates,

The test apparatus, therefore, should have the capability of simulating the pressure
cycles at various locations on the vehicle, Also, as the high teinperature oxidation
performance of some materials degrades at pressures less than 1 torr (Ref. 9), and
as some of the interior surfaces of the vehicle will be exposed to these very low static
pressures during peak heating, the apparatus should have the capability of achieving
pressures as low as 1073 torr.

Composition — As discussed earlier, the composition at the surface is that of air,
except in the stagnation region for the initial portion of the trajectory., Although no
data were found in the literature regarding reactions with dissociated oxygen, it is
believed that the short elevated temperature exposure to atomic oxygen will not have
a significant effect on the radiative behavior of the candidate materials (Ref. 9).
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Temperature — The principal area in question concerning the requirements for gas
temperature simulation is that of the thermal gradients through the surface layer.
During entry the exterior surface is at a higher temperature than the bulk of a coating
or the substrate, For materials that form thick, relatively low thermal conductivity
oxide layers, very large gradients will exist between the substrate and the surface,
For hot-gas plasma arc tests, Kaufman et al. (Ref. 11) reported large gradients, on
the order of 1100°K/mm, for ZrB2 in the temperature range of 2500° to 2800° K,
Conversely, for cold gas flow conditions at low flow velocity, 15 m/sec, and a sub-
strate temperature of 2150° K, the gradient was on the order of 400° K/mm of oxide
thickness (surface temperature lower than substrate). Therefore, under cold gas
testing conditions the materials which form thick oxide layers and ceramic coatings
will have surface temperatures as much as 100° to 200°K lower than the substrate

temperature during the peak temperature portion of the test cycle,

Materials which form a thinner oxide layer, such as on the superalloys or coated
refractory metals, will not be subject to large gradients, Estimates of the gradient
per mm of coating or oxide thickness have been made for radiative only and convective
plus radiative heat transfer (cold gas) as a function of surface temperature, Usinga
heated substrate technique and assuming a thermal conductivity of 1,7 W/m ° K, which
is typical for glass-like materials, with a 1900° K surface temperature and a 0, 013 mm
thick coating, the substrate temperature would be 1940°K for radiation losses only,
and 1970°K for radiative plus convective losses, For the superalloys which form thin
oxide layers the temperature gradient through the surface layer is negligible.

For testing of materials which form thick layers of low thermal conductivity material,
or ceramic coatings, the use of a cold gas flow may result in temperature differences
between substrate and surface which will significantly influence the reactions occurring
at the interface and in depth in the surface layer, For these materials it would be
desirable to use a hot gas flow so that the gradients may be minimized. In the case of
coated refractory metals or superalloys the use of a cold gas flow should not result in

temperature gradients which will significantly affect the material behavior,
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2.4 FACILITIES

As discussed in Section 2,1, a review was made of existing high temperature test
facilities to determine if an apparatus currently existed that would meet the program
goals or could be modified to accomplish these objectives. This was done by means
of a literature review and a survey of laboratories active in the field of high temper-
ature materials research, The results of this survey are reported in Refs, 1 and 15,
and a summary of the facilities reporting a capability for measurement of emittance
properties in air is given in Table 2 in terms of the radiative property measured,
heating method, and environmental simulation capability, Of these facilities, only
the plasma-arc tunnels test under supersonic, hot gas conditions, and none of these
tests simulate actual velocity but rather attempt to match stagnation enthalpy and
pressure (Ref. 16), The radiative properties measurements, with the exception of
AVCO, are limited to spectral data in the visible portion of the spectrum. AVCO's
arc tunnel incorporates a total detector (thermopile) for total normal measurements
during testing, The Beoing apparatus utilizes near room temperature air flow from
a sonic nozzle for entry simulation during temperature and pressure cycling, and it
has provisions for determining total normal and spectral (A = 0.65um) normal
emittance, - The test facilities at North American Rockwell and McDonnell-Douglas
are equipped to provide for exposure to air but only at very low velocities. Total
normal and spectral normal emittances are measured in these facilities, Of those
having total hemispherical emittance capability, none are equipped for flow simulation,
However, the Boeing apparatus could be easily adapted for total hemispherical emit-

tance measurement under static conditions,
Descriptions of the various types of facilities listed in Table 2 are contained in Ref, 1.
Brief summaries for each of the basic types of facilities are given in the following

paragraphs,

e Plasma-Arc Tunnel, This type of test facility most nearly simulates entry

conditions in that supersonic velocities are achieved (Mach numbers of 2 to

5), and the gas stream temperature is higher than the surface temperature.
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However, at pressures corresponding to the entry trajectory, surface shear
stresses and velocity are much lower than are obtained in flight. Specimen
temperature and pressure profiles can be simulated for time periods cor-
responding to the range of shuttle vehicle trajectories, Stagnation, inclined
plate, wedge, and wall (turbulent duct) flow conditions can be obtained, This
type of apparatus could be modified for total and spectral normal or angular
emittance measurements, However, uncertainties in the energy balance on
the specimen will result in poor accuracy of total hemispherical emittance
measurements during flow, Although the specimen is convectively heated,
data could possibly be obtained for no-flow conditions from a transient
analysis, but again the thermal balance uncertainties will result in poor
accuracy for the total emittance determination, Contamination of the speci-
men surface by condensation of arc electrode materials (copper or tungsten)
entrained in the plasmé may also be a problem,

Resistance Heating, The resistance heated strip method used by Boeing for

the X-20 program studies was reported (Ref, 17) to satisfy the mass transfer
rate criteria for coated refractory metals, This apparatus uses a near sonic
velocity free jet of ambient air impinging on the central area of the specimen
to achieve the necessary mass transfer. The apparatus can duplicate the
pressure and temperature requirements of the shuttle vehicle trajectories

and is instrumented for total normal and spectral (0.65 pum) normal emit-
tance measurements during flow, It could be modified for calorimetric
measurements with the flow interrupted. Various flow angles may be obtained
by moving the nozzle or rotating the specimen plane.

None of the other facilities employing the heated strip or filament heating
method are equipped for simulation of flow conditions. However, they could
be modified to accomplish the same performance as the Boeing apparatus.
Principally, this would entail the addition of a nozzle with a pumping system

sized to accommodate the high mass flows at the low pressures.

Induction Heating. Facilities using induction heating of the specimens could

also be modified to incorporate means for high velocity flow, pressure
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simulation, and radiometric emittance measurement capabilities similar to
those discussed prew}iously. Total hemispherical emittance cannot be
measured directly because of the difficulty in evaluating the power input to
the sample during heating. For transient test conditions, the problems are
similar to those in an arc tunnel, One problem associated with induction
heating is the requirement for a susceptor material for nonconductors or thin
sheet specimens which will survive the test environment. For high velocity
flow tests, the specimen surface should be flush with the face of the suscep-
tor, and for thin samples it is difficult to obtain a uniform temperature
distribution over the test area,

e Furnace, This type of heating method is not suitable for dynamic test condi-
tions because of the poor cyclic temperature response of a furnace and the
difficulty in achieving high velocity flow in the furnace hot zone while still
maintaining the advantage of near blackbody conditions which minimizes the
specimen temperature measurement problem, Also, total hemispherical
emittance measurements cannot be obtained under these conditions and, in
general, angular measurements cannot be made because of the constructional
features of a furnace.

The conclusion obtained from the facility survey activities was that none of the existing
high-temperature test facilities meet all of the measurement and flow simulation re-
quirements for this program, The two basic types of apparatus which could be modified
to meet the majority of the measurement objectives are the plasma arc and the
resistance heated strip facilities, The latter type is recommended over the plasma

arc for the following reasons:

o Adaptable to direct measurement of total hemispherical emittance
e Pressure simulation from < 10_4 to 760 torr
e Suitable for low temperature range (450° K to 700° K) material studies

e No problem of contamination of specimen surface by environment; i,e., by
arc electrode materials

e Configuration more adaptable to radiometric instrumentation,
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Section 3
DEVELOPMENTAL STUDIES

Prior to the design and fabrication of the experimental facility several preliminary
studies were conducted to define the gas flow system, temperature measurement
errors and effect of convective heat losses on calorimetric emittance data. The
basic concept selected for the apparatué is to use a resistively heated specimen
mounted in a water cooled chamber in which the total pressure on the specimen can

be varied from 102

to 760 torr. The exposure conditions are for static air or air
at free stream velocities to M = 3. Specimen temperature and total pressure are
varied with time to simulate the entry conditions. A typical time history of these
parameters is illustrated by figure 6. Under flow conditions the radiative proper-
ties of total and spectral emittance are measured radiometrically, and calorimetric
total hemispherical emittance is measured under static conditions. The system is
designed for heating of the air to the flow nozzle using an r-f plasma unit. The

results of the developmental studies are summarized in the following subsections,

3.1 FLOW SYSTEM

Two potential prbblem areas were envisioned in the development of a suitable en-
vironmental simulation flow system. These were stability of the flow field at large
Mach numbers over the range of pressures desired and a suitable method for heating
the gas stream which is controllable over a wide range of temperature and will not
contaminate the specimen. Proof tests were conducted to confirm both flow condi-
tions and a recommended heating method. The final apparatus design was based upon

the results of these investigations.
3.1.1 Supersonic/Hypersonic Flow

Initially, computations were made to determine the pump size required to achieve

Mach numbers from 1 to 5 over the total pressure range for the shuttle entry
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Fig, 6 Typical Cycle of Specimen Test Area Temperature and Total Pressure

environment. For pump sizing it was assumed that for hot flow conditions a heat
exchanger at the test chamber exit section would reduce the‘ air temperature to am-
bient level prior to entry to the main pump duct. Flow field dimensions were Sized

to accommodate specimen test areas of 1.7-cm and 2.5~-cm diameter. Using the
isentropic flow and normal shock relationships the nozzle and chamber pressure con-
ditions were computed as a function of Mach number for the specimen total pressure
range of the predicted entry environment., Volumetric capacity requirements were
then computed as a function of nozzle temperature and chamber pressure assuming
that the temperature at the pump inlet is ambient. Required pump capacity as a func-
tion of Mach number is shown in figure 7 for three gas temperatures and two test
area diameters. As a 1.7-cm diam specimen test area is adequate for emittance
measurements two pump sizes were recommended considering cost and Mach number
range. These were 0.8 m3/sec (1700 cfm) and 0.4 mz/ sec (850 cfm). The larger
pump is adéquate to M = 5 for both cold and hot flow conditions, and the smaller pump
will accommodate M = 3 for cold flow and M =5 for hot flow conditions.
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The next phase was to evaluate the uniformity of flow conditions in the supersonic
regime over the range of entry pressures. This was done experimentally using
converging-diverging nozzles in a chamber having a pumping capacity of 0.56 mz/ sec.
Free stream Mach numbers ranged from 2.5 to 4.0. At M > 3 large pressure fluc-
tuations (on the order fo 50 percent) were observed across the surface of a 1.6 cm
diameter flat plate test area as tofal pressure was increased. The plate was instru-
mented with five total pressure positions and was located normal to the flow. At

M= 3 and M = 2.5, the pressure was uniform to within 10 percent and steady over
the desired total pressure range.

The problems encountered in the operation of a supersonic nozzle such as unsteady
flow and nonisentropic effects are directly related to high Mach numbers. Thus, it
is possible to obtain a larger flow field with a given pump size and steadier flow by
operating the apparatus at a lower Mach number (3 or less). Another consideration
is that for this test geometry (specimen normal to flow) the supersonic shock wave in
front of the specimen recovers very little of the upstream total pressure. Therefore,
high upstream total pressures must be used to obtain the desired sa,mple total pres-
sure, and for a reasonable pump size the flow field size becomes smaller with in-
creasing Mach nﬁmber. Finally, the velocity behind the normal shock in front of the
specimen is relatively insensitive to upstream Mach number, as shown in figure 8,
and therefore, by specifying total pressure on the specimen the exact value of free
stream Mach number is not significant. On the basis of this study it was decided to

use a 0.4 m3/sec pump and design flow nozzles for Mach number of 1 and 3.
3.1.2 Air Heating

Two concepts were evaluated for heating of the flow stream; these were resistance
and r-f plasma. An arc-plasma was not considered because 0f possible specimen
contamination by products from the electrodes.. A preliminary design was prepared
for a resistance heating unit using an alumina parallel tubular heat exchanger bundie
heated by molybdenum windings connected to a variable, high current power supply.
The materials choices were selected on the basis of temperature requirements. The

specific design employed a low pressure N2 purged winding chamber. The purge gas
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was discharged into the specimen stream (resulting in 3 to 4 percent N_ rich air) so

that the purge chamber would not have to support a large pressure diffezrence across
the high temperature elements. This type of heater becomes very complex because
of the requirement of an inert atmosphere for the heater windings, and the thermal
stresses encountered during the cyclic temperature would place severe limitations on

the life of this type of unit.

From a preliminary study the r-f plasma concept appeared to be a promising solution
to the hot gas problem. Initial contacts were made with personnel at Stanford Research
Institute and the University of California, Berkeley, who were working with these de-
vices. At the latter institution an r-f plasma unit was being used in a heated wind
tunnel facility. This unit was a 50 kw output TAFA torch operated at 3.5 mhz. Their
experience with this unit was very good, and contacts were then made with the manu-
facturer (TAFFA) regarding the emittance apparatus application, Although TAFFA

did not have specific experience with the operation of their units on air at low pres-
sures (100 torr or less) the approach appeared feasible, and a test series was con-
ducted at their facility, under contract funding, to prove the concept.

Although the TAFA test facility was limited by vacuum pumping capacity to mass flow
rates approximately one-third of the maximum rate projected for the emittance
apparatus, system performance could be verified for operation at the desired total
pressures and over the percentage output range. The specifications for the test were:
operation of a standard Model 56 torch with a 15 kw r-f power supply at pressures

' 3 -3

to 3x10

These conditions were selected as being representative of the cyclic emittance test

from 10 to 100 torr and at mass flow rates from 1x10~ kg/sec of air.
parameters. The test equipment consisted of a 0.15 m3/ sec vacuum pump, drawing
through a heat exchanger coupled to a cylindrical, cross—shapéd, water cooled vacu-
um chamber 30-cm diameter by 60-cm long. A Model 56 torch was mounted exterior
to the chamber on the end of one cross arm, and it was provided with a 1.27-cm di-
ameter throat leading into the chamber. The torch was started on pure argon at a
pressure of 10 torr, then air was injected both tangentially and radially as the argon

was cut off.
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Operation was initially accomplished at 50 torr vacuum chamber pressure and 160
torr in the torch. The minimum sustaining power was 28 kw (4A, 7050V) plate power.
Subsequent changes in current, mass flow rate and ratio of tangential to radial gas
injection did not significantly change the minimum operating power level. A larger
throat nozzle was then installed at the torch exit, and operation was attempted at
lower torch total pressures. The minimum torch pressure at which stable plasma
operation could be sustained was 130 torr, and the corresponding power level was

38 kw, As torch pressure was decreased input power increased, and operation was
only marginally stable.

A review of the test data with the manufacturer led to the conclusion that r-f coil de-
sign would have to be changed, and further work would have to be done on the torch
air injection schemes. As this would entail a substantial amount of research an alter-
nate concept for using a standard unit was considered. This method is to operate the
torch at near atmospheric pressure, high enthalpy and power (50 kw), and to discharge
this flow into a large chamber so that pressure would be dissipated across a shock in
this chamber. This low pressure flow would then be mixed with room-temperature
air, and the combined flow directed to the primary nozzle. Under these conditions

the flow nozzle cé.n be operated at design pressure ratio over the range of test total
pressures. Preliminary calculations showed that for a 1700°K stream, 28 percent of
the total flow would be from the hot jet which would require a 0.4~cm throat nozzle.
Because of the increased costs due to the requirements of a larger plasma unit and

the auxiliary equipment the hot gas feature was not implemented.
3.2 TEMPERATURE MEASUREMENT

The most significant problem associated with emittance measurements is that of
accurately determining the absolute temperature of the emitting surface. Thermo-
couples cannot be used with some materials at elevated temperatures because of
problems of compatibility of the instrumentation with the test material. Also, at
elevated temperatures, large thermal gradients may exist across some coatings so
that in~-depth or substrate temperature measurements cannot be accurately related

to the true surface temperature. Radiation methods are useful for measuring surface

temperature, but their accuracy is related to the accuracy of the knowledge of the
3-6
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emittance properties of the surface. The relationship between measured brightness
temperature and true temperafure is a function of the spectral emittance of the sur-
face at the pyrometer mean effective wavelength. In an attempt to eliminate the
emittance term from the temperature equation, multiple spectral band pyrometers
have been developed on the principal that if the material emits as a gray body, i.e.,
emittance is not dependent upon wavelength, the temperature measurement is inde-
pendent of emittance. Total radiation pyrometers have also been used, principally at
lower temperatures, but again, a value of emittance must be used in the temperature
calculation. Figure 9 illustrates the temperature error as a function of assumed
emittance for this type of device. Two-temperature pyrometer methods have also
been used with limited success as discussed in Ref. 18 which reviews pyrometry

techniques,

Single-color optical pyrometeré have been used extensively for high temperature
measurements of materials having a wide range of spectral emittance. Temperature
errors for a pyrometer operating at 0.65um are shown in figures 10 and 11 for sur-
faces having assumed emittance values at 0.65um of 0.5 and 0.8, respectively. To
achieve a 1 percent maximum temperature error at 2000°K, the true emittance of a
surface for which €, is assumed to be 0.5 must be between 0.45 and 0.55. If the
surface emittance at 0.65um is assumed to be 0.8 and the real spectral emittance is
between 0.7 and 0.9, a 1 percent temperature accuracy will be attained. For materi-
als having a low emittance at 0.65um, a more accurate knowledge of the true emittance
is required to give a small error. With polished metals, for example, the emittance
at 0.65um may be 10 times the total emittance which can result in extremely large
temperature errors if spectral data are not available and the 0.65um value is estimated

from a total emittance value.

Two color pyrometer errors are shown in figure 12 for a 0.50um and 0.65um band
instrument. This technique does not improve the temperature measurement accuracy
unless bands can be selected at which the emittance values are very nearly equal.
Consider a surface which appears dark gray in the visible spectrum, and assume

El =0.8ande, = 0.75. At 2000°K this would introduce a 1 percent temperature

2
error. However, if €, was 0.70, the error would increase to nearly 2.5 percent.
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Fig. 9 Temperature Error Versus Emittance Error for a Total Radiation
Thermopile for Three Assumed Emittance Values
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Fig. 10 Temperature Error Versus Emittance Error of an Optical Pyrom-
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Clayton (Ref. 19) reported a technique for using an optical pyrometer and a total radi-
ation pyrometer to compute total normal emittance. The emittance accuracy is within
5 percent if the ratio of €, to €rN is within 0.8 to 1.2.

A comparison of experimentally measured temperatures using both thermocouples and
an optical pyrometer for low and high emittance surfaces is presented in Table 3. The
materials are 99. 99 percent pure platinum, annealed for 4~1/2 hours at 1615°K and
oxidized L1605 alloy, respectively. The true temperatures are taken as those meas-
ured with the optical pyrometer from a small cavity (L/D = 4) drilled into the edge of
a vertical strip specimen. A Pyrometer Instrument Company '"Micro Optical' pyrom-
eter was used for brightness temperature measurements. The effective emittance of
the cavity was assumed to be equal to unity. Thermocouples were 3 mil diameter
Pt/Pt 13 percent Rh (1/2 percent accuracy) with their junctions peened into holes
drilled into the edge of the strib opposite the cavity. Surface brightness temperatures

were measured at the center of the strip.

Table 3
COMPARISON OF TEMPERATURE MEASUREMENT METHODS
Chamber Pressure Measured Temperature (°K)
(Torr) By Thermocouple | By Optical Pyrometer, By Optical Pyrometer,
(Cavity) (Surface)
PLATINUM
1072 1081 1080 1084
10_c 1370 1368 1366
10 1645 1639 1639
1 1107 1103 1109
1 1372 1363 1365
10 1091 1094 1095
10 1385 1379 1377
50 1098 1097 1103
50 1370 1365 1366
OXIDIZED L605
107° 1103 1112 1112
1 1105 1121 1121
760 1090 1116 1116
1 1341 1355 1361
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Agreement between the thermocouple and pyrometer temperatures and the assumed
true temperatures (cavity) was within 1 percent for all of the platinum data. The
value of €,at 0.65um was taken as 0.32 (Ref. 20), and the surface temperatures
computed from measured brighiness temperatures using this value were generally
within 1/2 percent of the cavity temperature. For the oxidized L605 material the
data indicated consistently good agreement between cavity temperatures and the sur-
face temperatures computed from brightness temperatures using a value of € A= 0.85
at 0.65um (from room temperature spectral reflectance data). Temperatures meas-
ured by thermocouples were 1 to 2-1/2 percent lower than cavity temperatures, the
larger deviations occurring at higher chamber pressures. This apparent thermo-
couple error is attributed to poor contact between the oxidized low thermal conduc-
tivity material and the thermocouple junction, the junction temperature being slightly
depressed by lead losses. This explanation is supported by the observed increase in

temperature deviation with increased chamber pressure.
3.3 CONVECTIVE HEAT LOSS -

The effect of convection heat losses on calorimetric emittance measurements was
considered for both a flow environment and a static atmosphere. The strip specimen
configuration was used, and for flow conditions the measuring area was oriented nor-
mal to the stream centerline. An accurate evaluation of the total convective heat
loss under flow conditions is not feasible because of the uncertainty in the heat trans-
fer at the rear uninsulated surface of the strip. However, foyr a static atmosphere
the convective heat transfer can be determined with reasonable accuracy and calori-
metric measurements are a possibility for high emittance materials at elevated

temperatures.

In examining natural convection effects both vertical and horizontal orientations of
the strip were considered. For the horizontal case the width dimension of the strip
may be placed in a vertical or a horizontal plane. The latter position presents some
radiometer positioning difficulties as it is necessary to view the test area from above
or below the test chamber. Also, the upper and lower surfaces have different heat

transfer coefficients and unacceptable temperature gradients in the measuring area

3-13

~

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

may exist for low thermal conductivity materials. Vertical positioning of the width
dimension will result in the same heat transfer coefficient for both surfaces. How-
ever, with short vertical heights the local heat transfer coefficient is strongly depend~
ent upon the distance above the lower edge, and again temperature gradients may be
present in the test area. The long vertical strip has a'larger heat transfer coefficient
than the short vertical width orientation, and there is also some non-uniformity in the
local heat transfer coefficient across its width due to the thinning of the boundary

layer at the edges.

The effect of convection on calorimetric emittance determinations is considered in
two parts; one, the heat loss which must be accounted for in the energy balance equa-
tion (Section 2) and two, the temperature gradient effect. The influence of convection
on emittance accuracy can be evaluated once the heat transfer coefficient is estab-
lished for a particular specimen geometry. The thermal gradient effects are related
to the establishment of an effective test area radiation temperature based upon a local
surface temperature measurement. For example with a vertical strip the tempera-
ture at the edge will be lower than at the center because of the higher convective heat
transfer at the edge. The magnitude of this temperature difference will be a function
of the convectivé and radiation heat transfer and the thermal conductivity of the ma~
terial. For very high thermal conductivity materials having a high emittance the
temperature gradient effect will be negligible at elevated temperatures because heat
transfer by convection is very small compared to that by conduction and radiation.
For low thermal conductivity materials the effect becomes significant and must be
accounted for in the emittance computation. This can be done by determining the
temperature distribution over the test area and then evaluating a mean effective radi-
ation temperature.

Convective heat transfer coefficients were experimentally determined for the vertical
strip case as no data were found in the literature for this geometry with a large tem-
perature gradient along the vertical axis. The free convection heat transfer from the
central portion of the vertical strip was computed from the measured difference in

total power required to maintain a 1.27-cm by 1.27-cm test area at a fixed tempera-

ture in both elevated pressure and vacuum environments. Heat transfer by natural
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convection was determined in this manner for a series of strip temperatures and am-
bient pressures using a platinum strip, and the data are shown in figures 13 and 14.
A comparison between vertical and horizontal strip heat transfer coefficients is shown

in figure 15. The data of King (Ref. 21) were used to compute the latter case.

The vertical strip heat transfer coefficient results were used to compute total hemi-
spherical emittance values from the total electrical power input data for an oxidized
L605 specimen. Good agreement was achieved between vacuum data and measure-
ments at 1 and 760 torr as shown in Table 4. It is estimated that the uncertainty due
to convective heat transfer is a maximum of 10 percent at the lower temperatures

decreasing to 5 percent at 1100°K,

Table 4

COMPARISON OF CALORIMETRIC DETERMINATIONS OF TOTAL
HEMISPHERICAL EMITTANCE OF OXIDIZED L605

Temperature Ambient €TH
(°K) Pressure (Torr)

1130 1070 0.64

1120 1 0.65

1110 760_, 0.63

840 10 0.62

800 1 0.63

800 760 0.59

In summary, calorimetric emittance measurements can be made with reasonable

accuracy in a static atmosphere once the convective heat transfer coefficient has

been established for the specimen geometry.

This measurement method has been

verified experimentally for moderate to high emittance materials at temperatures

about 800°K. Temperature distribution across the measuring area should be deter-

mined to evaluate a mean effective radiation temperature for computation of emit-

tance of low thermal conductivity materials.
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Fig. 13 Test Area Convective Heat Transfer Coefficients for Platinum Vertical
Strip (1.25-cm wide by 20-cm long) as a Function of Surface Tempera-
ture and Ambient Air Pressure
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Fig. 15 Variation of Test Area Convective Heat Transfer Coefficient with

Temperature and Pressure for Two Sample Orientations
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Section 4
EXPERIMENTAL APPARATUS

The design concept selected for the experimental apparatus is to use a resistivity-
heated specimen mounted in a water-cooled chamber in which the ambient pressure
may be varied from 10—5 to 760 Torr. A flow of air from sonic and supersonic noz-
zles is directed onto the specimen at fixéd angles of incidence to simulate the entry
environment. Specimen temperature and total pressure are varied with time to simu-
late those occurring during entry at various locations on the vehicle surface. Instru-
mentation is provided for measurement of total and spectral normal and directional
emittance during cyclic tests with flow directed onto the specimen. Capability for
calorimetric total hemispherical emittance measurement under static conditions is

also included. For electrically conducting substrates, the specimen is in the form of

a strip, 15 to 30-cm long and 1.27 to 2. 54-cm wide. Thickness is sized so as not to
exceed the voltage and current limitations of the power supply at maximum test tem-
perature. The nominal 1.27-cm wide test area is used for supersonic flow testing.
Non-electrical cbnducting specimens are heated by attaching them to a conductive
substrate such as platinum. The flow system is designed for subsonic to M = 3 capa-
bility with specimen total pressures of 2 to 760 Torr. The overall layout of the facility
is shown schematically in figure 16. The test chamber, power supplies, instrumenta-
tion, etc. are located in a 10-ft by 13-ft laboratory room with compressed air, electri-
cal power (30 kw, 440 V and 120 V) and cooling water services (10 gpm at 290°K), Air-
operated vacuum valves are provided in both vacuum systeﬁ lines for rapid switch-over
between pumps. The services for the large vacuum pump, located exterior to the lab-
oratory building are 40 hp, 440 V, 3 phase and 5 gpm cooling water at 290°K. Details

of the major facility components are discussed in the following subsection.
4.1 TEST CHAMBER

The chamber, figure 17, is of a cylindrical configuration with domed ends having feed-

throughs for specimen mounting. Cooling is accomplished by a water-jacket on the
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KINNEY NO. KT-850 VACUUM PUMP
BELLOWS CONNECTOR

TRAP

AIR-OPERATED VACUUM VALVE, 8-IN.
6-IN. OIL DIFFUSION PUMP SYSTEM
WATER - HOT AIR HEAT EXCHANGER
TEST CHAMBER

AIR FLOW NOZZLE ASSEMBLY

RADIOMETER, SPECTRAL AND TOTAL
(0.5 um to 35 um)

10 INSTRUMENTATION CONSOLE
11 SPECIMEN HEATING POWER SUPPLY
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Fig. 16 Test Facility Layout
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cylindrical section and brazed tubing on the dome sections. Type 304-L stainless
steel was used for fabrication of the chamber, and the interior is painted with a flat
black paint, Cat-a-lac Black*, A 25-cm diameter clear opening is pfovided in one
side of the chamber for access to the specimen mounting/electrode assemblies and
for instrumentation connections. The lower water-cooled specimen mounting electrode
is fixed, and the upper one has a pneumatic cylinder for maintaining a constant axial
load on the specimen to accommodate for length changes due to thermal expansion.
The vertical axis of these mounting electrodes is 2. 5-cm off the chamber centerline
which together with the diffuse black paint on the chamber interior eliminates re-
flected energy considerations in emittance measurements. A water cooled heat ex-
changer is located in the water-cooled exit duct from the chamber to cool tl\le air

before passage to the vacuum system.

Four 7. 6-cm diameter ports ar.e provided in the chamber wall at positions normal to
and at 25°, 40° and 60° from a normal to the test surface. One port accommodates
the air-nozzle duct assembly which is designed so that it may be moved to change the
distance between the nozzle exit plane and the specimen plane without degrading the
chamber pressure. The other three ports are fitted with KBr windows for radiometric
measurements. Water-cooled externally operated shutters are located on the chamber

side of each window to reduce contamination of these optical elements during testing.

The test chamber is mounted on a frame, figure 18, so that the windows are located
approximately 1.5 m above floor level for ease of specimen viewing through the
radiometer and optical pyrometer. The main power transformer (15 KVA, 220 V,

single phase primary, variable secondary to 20 V) is also moﬁnted in this frame and its
secondary is electrically connected to the electrode assemblies through insulated water-
cooled copper tubing configured so as to not place a significént axial force on the con-

stant tension electrode assembly.

*Finch Paint and Chemical Company
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Fig. 18 Test Chamber and Radiometer
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4.2 VACUUM SYSTEM

The facility has two separate vacuum systems for high vacuum and for flow operations.
The latter uses an 850 cfm (0.5 m3/sec) mechanical pump (Kinney KT-850) connected
to the chamber exit directly through 20-cm diameter aluminum piping, flanged at
lengths suitable for shipping to MSFC. The general arrangement of pumps, valves,
bellows and piping are shown by figures 19 and 20. The mechanical pump is mounted
on a concrete pad exterior to the building to reduce noise and vibration in the test area.
A water-cooled trap is located at the pump inlet, and a cylindrical oil eliminator is
connected to the vacuum exhaust, figure 20. During high vacuum operation, the large
pump system is isolated from the chamber with a pneumatically operated v\acuum
valve. For flow testing the diffusion pump system is valved off from the chamber in a
similar manner. During flow testing the chamber pressure is controlled by bleeding
room air into the pump duct thfough a ball-type vacuum valve located on the chamber
support frame.

High vacuum capability is provided with a LN_ trapped 15-cm diameter oil diffusion

pump backed by a 15 ¢fm mechanical pump, fizgure 19; with a molecular sieve fore-
line trap. Pumﬁ switching is accomplished through pneumatic values. For high
vacuum operation the large pump is operated to reduce chamber pressure to 1 Torr.
This system is then valved-off and pumpdown continued with the 15 c¢fm pump. At
approximately 0. 05 Torr the diffusion pump valves are opened and the chamber

evacuated to 10”2 Torr.
4,3 RADIOMETER

A Barnes Model 12-511A Research Radiometer is used to make total and spectral
emittance measurements. The instrument consists of two separate components; an
optical head which collects and transduces the target radiation into an electrical sig-

nal, and an electronics unit for signal processing.

The optical head is a cylindrically-shaped container that houses the energy collecting

and detector-transducing systems. These include a Cassegrain reflecting system
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Fig. 19 Vacuum System and Instrumentation
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Fig. 20 Vacuum Pump for Flow Testing
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with an adjustable secondary (focusing) mirror; a visual sighting system which permits
parallax-free focusing; a motor driven optical chopper; a temperature-controlled refer-
ence cavity; field and aperture stops; a set of image-transfer mirrors; and a thermistor-
bolometer detector package which converts the incident radiant energy into an electrical
signal. A pair of rotatable filter wheels is located in the optical path between the trans-
fer mirrors and the detector. Each wheel can accommodate up to eight separate filters
to permit spectral studies of the target radiation. A photoelectric pickup is also lo-
cated in the optical head which develops a signal synchronous with the radiation chop-
ping rate for phase referencing in the radiation-signal demodulation. The primary
collecting mirror is a ten-cm diameter, twenty-cm focal length mirror which collects
and focuses the incoming radiation onto a five-cm adjustable secondary mirror. Radia-
tion from the secondary mirror is directed into a temperature-controlled cavity and
through the aperture stops and transfer optics to the detector. All mirrors are first-

surface aluminized reflectors.

The optical chopper consists of four highly polished reflecting blades which rotate at a
240-cps rate between the secondary mirror and the heated reference cavity. During
those periods when the chopper blocks the incoming target radiation, the reference
cavity is presented to the detector as a blackbody radiating at a constant 331° K. The
detector alternately '"sees', therefore, the incoming target radiation and then the
blackbody reference radiation.

A thermistor-bolometer detector package was selected for use with this radiometer.
The 0.5 mm x 0.5 mm detector flake is hermetically sealed behind a 6. 35 mm diam-
eter KRS-5 window. The time constant for this detector is 1.7 msec., and the overall
system responsivity is reported as 1.11 x 103 volts/watt/cmz—ster. The relative
spectral response of the detector over the wave-length range from 0.4 pm to 35 um

is shown in figure 21. Since the spectral response of this detector is not flat, correc-
tions are required for total or broad-band emittance determinations for materials which

are spectrally selective.

The electronics unit for the radiometer contains the processing circuits which amplify,

filter and demodulate signals received from the optical head as well as the circuits and
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controls to supply the temperature controllers, detector bias, photoelectric pickup
and chopper drive motor. All of the electronic system operating controls and indica-
tors are mounted to the front panel of the unit. These include a three-position rotary
bandwidth selector switch which is used to apply inpgt power to the radiometer and to
select one of two output signal bandwidths (dc-to-55 Hz or de-to-1 Hz); a 21-position
rotary signal-attenuator switch which permits attenuation of the preamplifier output
signal in 3 db increments from 0 to 57 db; an electronic temperature offset sWitch

and control by which common components in the reference and target radiation signals
may be cancelled so that small variations in target radiation may be observed more
readily; a wide-view meter which gives a relative indication of the target irradiance;
and a control meter which gives a qualitative indication of the reference cavity temper-
ature and detector housing temperature. The output meter is a center-zero de volt-
meter for which a full scale deflection corresponds to a 10 volt signal at the output
recorder jack.

Eight narrow bandpass and one broad bandpass filter are installed in the two filter
wheels in the radiometer head. Descriptions of the bandpass characteristics for each
filter are shown in Table 5.

4.4 FLOW SYSTEM

The test apparatus is equipped with a cold gas flow system for exposure of the speci-
mens to either a near sonic or a supersonic free jet during emittance testing. Room
air is passed through a throttling valve into a 6.4-cm diameter by 51-cm long settling
chamber upstream of thé nozzle throat. Pressure level in this chamber is measured
through a static pressure tap located in the end wall. The nozzle exit plane is 13.5-cm
from the specimen to permit near normal emittance measurements, and provisions are
included for alignment of the nozzle so that the specimen measuring area is centrally
located in the flow field.

Two interchangeable nozzle blocks were fabricated for free stream Mach numbers of
1.0 and 2.25. The former is a simple converging nozzle having a 3. 02-cm diameter

sharp edged sonic throat and no supersonic section. The M = 2.25 nozzle has a
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Table 5

BANDPASS CHARACTERISTICS OF IR FILTERS FOR
THE BARNES MODEL 12-511A RADIOMETER

. Bandpass Bandwidth at Average Transmittance Outside
Filter 50% 1 Cutoff ,
Wavelength Transmittance Bandpass
No. (um) Wavelengths %) )
(pm) 0 0
1 1.420 0.580 75 <0.1
2 2.171 0.204 65 =0.1
3 2.704 .0.207 78 = 0.1
4 3.388 0.124 75 = 0.1 below
| =0.1aboveto 5.0 pm
5 4,259 0.266 75 = 0.1
4,851 0.324 73 =0.1
7 : 5.464 0.186 58 = 0.1 below
= 0.1 above to 11.4 um
8 7.958 0.218 60 = 0.1 below
= 0.1 above to 13.8
9 7.84 to broad 85 < 0.1 below
16.6 bandpass

1.17-cm diameter throat followed by a 5° taper conical supersonic section with an
exit diameter of 1.70-cm. Both nozzle blocks are of an easily interchanged cylindrical

design using "O" ring seals to the settling chamber section.

4.5 INSTRUMENTATION AND CONTROLS

In addition to the Barnes radiometer instrumentation is provided for temperature,
pressure, and electrical power measurements. Twelve channels are included for
temperature measurement by thermocouples, and pressure instrumentation is pro-
vided for chamber and nozzle pressures during flow conditions. For vacuum opera-
tion, chamber pressure is measured with thermocouple and ionization gauges. Speci-

men power for calorimetric data is measured using a precision current shunt and the
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voltage drop across the central measuring section length of the specimen (voltage
probes are one leg of edge thérmoscouples). The shunt and probe voltages are con-
nected to a variable gain differential integrating multiplier, the output of which is
directly proportional to the test area power. A Pyrometer Instrument Company Micro
Optical pyrometer is used for brightness temperature measﬁrements. Thermocouple
output measurement is with a precision potentiometer, and a digital multirange volt-
meter is used to measure power -meter and radiometer output voltages. Typical

instrumentation is shown pictorially in figure 19.

The two principal control functions are for the cyclic temperatures and total pressures
during flow testing. Specimen time-temperature control is derived from a program
controller unit which compares specimen temperature with a preselected temperature-
time profile and uses the error signal to drive a SCR to control the primary voltage

to the main power transformer. Pressure control is accomplished by simultaneous
manual operation of the nozzle settling chamber throttling and pump bleed air valves
to obtain the correct nozzle-to-chamber pressure ratio and nozzle pressure for a de-
sired value of specimen total pressure. These valve settings are varied throughout
the cycle to give a step-wise change in specimen total pressure following the desired

time-pressure cycle for the simulated entry environment, as shown in figure 6.
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Section 5
EXPERIMENTAL PROCEDURES

5.1 RADIOMETRIC DETERMINATION OF SPECTRAL AND TOTAL EMITTANCE

For the radiometer-specimen arrangement shown in figure 22 the radiometer signal
is proportional to the difference in monochromatic or total radiant flux incident on the
detector from the sample and from the reference cavity, When viewing the sample the
detector output is: |

2
A
= S ;
Ss Ks |}€st+ €sz:sp:s;’:'cA z " €cpch)Tw+ pWNo+€wNw] (1)

k¢

where the first term inside the brackets is the sample energy emitted into the solid
angle collected by the radiometer; the second term accounts for sample energy that is
reflected off the test chamber walls back to the sample and then reflected into the
same solid viewing angle; and the third term accounts for energy emitted by the test
chamber walls that is reflected by the sample into the radiometer viewing angle,
(Note: the subscripts s, b, ¢, w, ch, r and o are used in this section to designate
properties of the sample, blackbody, chamber walls, window, chopper, reference
cavity and ambient surrounds, respectively). All the energy originating from the
aforementioned sources is attenuated by the window transmittance (TW), before reach-
ing the radiometer, The final two terms of equation (1) account for those portions of
reflected ambient room energy and emitted energy from the window that fall into the
viewing angle of the radiometer; and K s is the instrument constant, including optical
and electronic amplification, for the total amount of radiant flux detected in this case.
Taking the window, chamber walls and room to be at essentially the same tempefature,

and neglecting the second term because of the large chamber-wall area relative to the
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TEST CHAMBER

RADIOMETER
. WINDOW
SPECIMEN, N CHOPPER\ /DETECTOR
—- *f
- - —
foas = - l —_— __ﬂ_\_\_ =

l u T

- SECONDARY REFERENCE CAVITY

PRIMARY

Fig. 22 Schematic of Specimen — Radiometer Arrangement for Emittance
Measurements

sample area in combination with the low reflectance of the chamber walls, then equa-
tion (1) simplifies to:

Ss= Ks [(€st+ EcpsNo)Tw+ No(pw+ ew)] (2)
When viewing the chopper and reference cavity, the detector output is:

Sr = Kr (EchNo ch r) @)

assuming the chopper to be at room temperature, The radiometer output when viewing

the sample is then:

Vs = (Ss —Sr) = Ks [(e st + ecpsNo) Tw + No (pw + €W) - €chNo ch r](4)
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where K s is the effective responsivity of the radiometer when viewing a sample at

some temperature T g (Note: For monochromatic energy, Ks = Kr =K g but for
total or broad-band energy Ks # Kr because the detector response is not perfectly
grey, see figure 21),

Now by assuming that 1)01W =€, and o + P + Tw =1; 2) €y = ozs = l—ps;
3) € ch = 1- Poh and; 4) €p= 1, equation (4) reduces to:

Vg = f{-s. [e sTw Ng - N - ooy (N, - No)] (9)

In a similar manner the radiometer output when viewing the calibrating blackbody, (no
window), is derived as:

Vp = I—{b [(Nb "N -pop (N, - No)] (6)

If the temperature of the backbody is the same as that of the sample then Eb will be the

same as I—{—S, and the ratio of the radiometer signals is:

Vs L fs8Tw (Ng - No) - pgp (N =N M
V.
b Ny =N = Popy (N = N
By rearranging terms, € s in equation (7) is found to be:
c = Ve/Vy [(Nb_No)'pch(Nr_No)] *Pon Ny - Ny (8)
s Tw (Ns -N 0)
and since N, = N when T, = Ty, equation (8) reduces to:
v N,.-N
1 8 T o)
e =L | 84+p (1—V/V)(—-—j——) (9)
Tw Vb ch s b NS N0
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Equation (9) is the basic form used to compute sample emittance from the measured
radiometer signal and sample temperature, and the blackbody calibration data, For
the total energy case Tw is the transmittance of the window for the blackbody energy
spectrum at T Also, the assumptions that €g T O and W= %y must be verified
for the appropriate energy spectrum, The latter assumption is correct because the
KBr window transmittance is essentially flat, (0,92 + 0, 01), from 0,60 to 20pum and
€w is negligible in this region. The former assumption does not significantly effect
the accuracy of the total measurement because of the very low value of p sNo com-
pared to € SNS for elevated temperature measurements on moderate to high emittance
surfaces,

The emittance computations are performed using the blackbody calibration data for

the radiometer which is described in the next section, Curves of radiometer signal
versus blackbody temperature were constructed for total radiation and for each
spectral filter, A radiometer signal is taken from the curves for a blackbody temper-
ature corresponding to the sample temperature, The ratio (Nr - No)/ (NS - NO) is then
obtained from a set of curves of this ratio versus specimen temperature for either

the total or the appropriate filter, These curves were comr;uted for each ’partbicular
bandpass using reference cavity and ambient temperature values of 331° and 300°K,
respectively, Using the measured radiometer signal, V S and the corresponding
blackbody signal and radiance ratio the specimen emittance is computed from equation
(9) with Poh being taken as 0, 98,

5.2 CALORIMETRIC DETERMINATION OF TOTAL HEMISPHERICAL EMITTANCE

The basic method for determining € is as described in Section 2, To determine the

TH
input heating power the power meter is connected to the voltage probes from the
measuring area of the specimen and to the current shunt voltage taps, Total emittance

is computed from

(10)
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where Pin is the electrical power dissipation in the test area and P_ is the loss term

accounting for thermal conduction losses at each end of the test areg of the specimen
(and for convection losses if not in vacuum), A s is the total radiating surface area of
the test section between the voltage probes, and TS and Tc are the absolute temper-
atures of the specimen and chamber walls, respectively., The loss term, PL for the
conduction case is determined from estimates of the temperature gradient at the ends
of the test section, published values of material thermal conductivity, and the speci-
men cross sectional area, Estimates of the temperature gradients are obtained from
plots of the measured temperature distribution along the length of the strip, If
measurements are made in other than vacuum conditions convection losses are com-
puted from the data of Section 3, The surface and cross sectional areas are deter-
mined from micrometer measurements and corrected for thermal expansion using
published values for the test material, For vacuum testing of low thermal conductivity
high emittance materials, such as the superalloys, the PL term becomes negligibly
small at test temperatures above 800°K,

5.3 TEST PROCEDURE

Each test specimen is instrumented with four to six thermocouples attached to the

edge and rear surface in the vicinity of the test area, Chromel-alumel, Pt/Pt 13% Rh
and Pt 6% Rh/Pt 30% Rh thermocouples, 3- or 5-mil diameter, are used, the selection
of thermocouple type being made on the basis of material and test temperatures., More
details of the specific instrumentation for each specimen tested in this program are
given in Section 8, Method of thermocouple attachment is also dependent upon the
material being investigated. Generally the junctions are spotwelded to the material,
but in some cases they are simply inserted into small diameter holes drilled into the
specimen edge and secured by peening or by wedging with a small length of thermo-
couple wire, |

The instrumented sample is mounted in the test chamber and clamped to the water-
cooled electrodes, After connection of the instrumentation leads to the appropriate
chamber feed-throughs, the test chamber is evacuated, Radiometric spectral and
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total normal and calorimetric total hemispherical emittance measurements are made in
vacuum, starting at the lowest desired test temperature and working up to the maxi-
mum desired temperature level, The specimen is then cooled to ambient temperafure
and a time-pressure and-temperature cyclic test conducted in static air, Total
normal emittance measurements are made during each cycle which is repeated five
times, This procedure is repeated for M = 1,1 and M = 2,15 flow conditions,

Specimen temperature data from thermocouples are recorded continuously during the
cyclic testing, Pressure measurements are typically recorded at two minute inter-
vals. Optical pyrometer temperature measurements are made at the steady-state
temperature portions of the cycle. Total and spectral data are also obtained at these

points, A typical time-temperature and pressure profile for a test cycle is shown by
figure 6.
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Section 6
APPARATUS CALIBRATION

A series of calibration tests were conducted to verify performance of three apparatus
components, after which an overall apparatus checkout was performed using two NBS
emittance standards, Component tests were for flow characterization, power meter
accuracy and radiometer operation. The following subsections summarize the results
of these tests.

6.1 FLOW CHARACTERIZATION

Cold flow calibration tests were conducted using both the sonic and M = 2,25 nozzles.
First, a pitot-static pressure survey was made of the flow fi€ld at the specimen posi-
tion using a 1.5-mm diameter pitot-static probe. The ratio of nozzle upstream

(settling chamber) pressure, Pt s |
a plot was made of Mach number versus this ratio. The Mach number and other flow

to test chamber pressure, Pc , was varied, and

field properties are a function of this pressure ratio because of the appearance of
compression and éxpansion waves in the free jet. These phenomena are a result of
over or under expansion and are therefore, dependent upon the pressure ratio Pt/ PC.
From the data an optimum operating point was found for each nozzle. Using this
pressure ratio, P, was then varied to determine if a constant Mach number was

t
achieved for the cyclic pressure range desired for emittance testing.

A pitot static traverse was made across the sé\mple position plane to define the flow
field as a function of chamber pressure while operating at the optimum nozzle pres-
sure ratio. An instrumented 2.54-cm wide flat-plate test specimen was then placed
in the emittance sample position. This plate was provided with five 0. 5-mm dia pres-
sure taps located at the plate center, 5. 1-mm to each side of and below the center and
10.2-mm to one side of the center. These taps were individually connected to a Texas

Instruments quartz tube pressure gauge. The nozzle was aligned with the plate by
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balancing the pressure at the taps located 5. 1-mm about the center tap. Plate pressures

were then measured as a function of Pt/ Pc .

The optimum pressure ratio, Pt/ Pc , determined from the pitot-static survey was
found to be 12,7 for the M = 2,25 nozzle. At this ratio the measured free stream
Mach number was 2 15, and the Mach number was constant to within 5 percent as Pt
was varied. After alignment of the flat plate specimen the measured pressures at

the 5. 1-mm positions were 3 percent below the center tap pressure, and the 10. 1-mm
tap measured 8 percent low. Variation of Pt/ Pc about the optimum point, 12.7, re-
sulted in rapidly fluctuating plate pressure due to the formation of expansion and com-
pression waves in the free jet. However, at Pt/ Pc = 12, 7 plate pressures were quite
steady. The ratio of nozzle pressure to plate pressure, Pt/ Pm » was next determined
as P, was varied while Pt/ Pc was held constant at the 12.7 value. The Pt/Pm ratio

t
was found to be a function of P, . This dependence is probably caused by nonisentro-

pic and non-steady effects. Thte ratio of Pt/Pm is theoretically quite sensitive to
these effects and the effects contributing to the measured 5 percent variation in Mach
number fully account for the measured changes in Pt/Pm . The change in Pt/ Pm
with Pt was plotted and this graphical relationship used to calculate the value of Pt
corresponding to a desired specimen total pressure. This then defines the operating
parameters, Pt and Pm , to be used to simulate the entry total pressure profile.

Figure 23 shows this relationship for the M = 2. 25 nozzle.

The sonic nozzle was operated at a pressure ratio, Pt/Pc , of 2.0 so that there was

a slight supersonic expansion in the free jet. For this condition, the free stream
Mach number was 1.1 and the flow field was very steady. The flat-plate calibration
specimen was then installed and aligned with the flow. Measurements were made of
Pt/ Pm as a function of Pt , and for this nozzle no variation was observed in the plate-
to-nozzle pressure ratio over a nozzle pressure range of 1 to 100 Torr. Operating
conditions for the sonic nozzle are Pt/Pc = 2.0 and Pm = 0.91 Pt . Duripg testing
the nozzle pressure is adjusted to 1.1 times the desired specimen pressure and the

chamber pressure is maintained at one-half of the nozzle pressure.
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Fig. 23 Ratio of Nozzle to Specimen Total Pressure as a Function of
Nozzle Total Pressure for Mach 2,15 Nozzle

6.2 POWER METER

Calibration of the power meter was obtained from a comparison of meter output
voltage with precision power measurements (0.25 percent) made using a resistively
heated tantalum strip under vacuum conditions. The tantalum strip was 20-cm long
by 1.27-cm wide, and the central 2. 54-cm section was instrumented with potential
leads spotwelded to the strip at its edge. A precision current shunt was connected
in series with the strip and a variable output, 60 cycle power supply having a unity
power factor. Shunt and potential lead voltages were read with a precision ac milli~-

volt meter (0. 15 percent).

Power was applied to the strip, and after its temperature stabilized the potential drop
and current shunt voltages were measured. These leads were then connected to the
power meter and its output voltage measured. This procedure was repeated several

times for each of the four meter gain settings over a power range of 1.3 to 150 watts.
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For a given power level repeated meter readings Were averaged and a calibration
factor computed from the output voltage divided by the measured power. The results
are given in Table 6. The estimated accuracy of the powei' determined from the meter
output signal is 1 percent. This meter may be used with power supplies having power
factors less than unity or waveforms other than sinusoidal because it simultaneously

integrates the current and voltage over a fixed time interval.

Table 6

POWER METER
CALIBRATION CONSTANT

Meter Gain Constant
Setting (w/mv)
5 0.393
10 0. 0982
20 0. 0253
50 0. 00389

6.3 RADIOMETER

The Barnes radiometer was subjected to calibration testing to determine range-of-
focus, effective field-of-view, system response characteristics and the near-range

focal plane loss factor. The results of these tests are summarized in this sub-section.

Measurements at target distances between 0.3 and 1.5 m of target sizes from 0. 32 to
15.33 mm indicated that the effective field-of-view of the radiometer is 4 milliradians.
This parameter determines the target area that is "viewed" by the detector at a given
target distance. As the target distance increases from 0.3 to 1.5 m, the target diam-
eter increases proportionally from 1.2 to 6.0 mm. In the test facility the radiometer
is located 0.76 m from the test specimen plane, and therefore, the area of the speci-

men viewed by the radiometer is 3.0 mm in diameter.

The range of focus of the radiometer is from 0.3 m to infinity. At target distances -
less than approximately 0. 9 m, however, Barnes reports that the constant focal loss

feature of the radiometer is not maintained, and the relative responsivity of the
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system may change. Laboratory tests of the radiometer response to full-field targets
at distances between 0.3 and 1.5 m and at three different target temperatures, demon-
strated that the relative response of the system remains essentially constant for target
distances down to 0.6 m, then drops off to approximately 67 percent of maximum at a
distance of 0.3 m.

Response calibration data for the Barnes radiometer was obtained for the unfiltered
(total) operating mode and for the nine filtered (spectral) operating modes. The data
consists of relative radiometer signal outputs for each operating mode (filter wheel
position) vs. blackbody target temperature. The data was obtained at temperatures
between 375°K and 1280°K using an Infrared Industries Inc. Model 404 Blackbody with
a 10-mm diameter aperture, and the blackbody-to-radiometer distance was 0. 76 m.
The relative response range of the radiometer for each operating mode is given in
Table 7. The total responsé range for the radiometer is from 0 to 9400 output units,
i.e., radiometer detector output times amplifier attenuation units. A response of
zero corresponds to the irradiance level (total) obtained from a 331° K blackbody
target. This is the operating température of the radiometer's reference cavity against
which all incoming radiation levels are referenced. The maximum response, 9400,

corresponds to the total irradiance obtained from a 1600°K blackbody target.
6.4 APPARATUS CHECKOUT

To verify the accuracy of the radiometric measurements of total and spectral near
normal emittance in the completed test apparatus, data were obtained on two NBS
Standard Reference Material spectral emittance specimens. These specimens were
installed in the test cha.mber in the configuration for entry testing, however, measure-
ments were made only under static air or vacuum (lower temperatures) conditions to
avoid possible damage to the standard specimens. The two standards were Platinum-13
percent Rhodium (NBS SRM No. 1409) and oxidized Kanthal (NBS SRM No. 1427) pur-
chased from NBS in the form of 1. 9-cm wide by 25-cm long strips. The majority ef
testing was conducted in air in accordance with the NBS recommendations for these
materials. However, several lower temperature vacuum runs were made on the
Kanthal strip to evaluate possible convection effects on thermocouple temperature

measurements.
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Three Pt 6% Rh/Pt 30% Rh thermocouples, 3 mil diameter, were spotwelded to the
Platinum-13 percent Rhodium specimen on the vertical edge; one at the center of the
strip and one each 1. 3-cm below and above the center thermocouple. The edge location
was chosen to avoid damage to the central area of the strip which was viewed by the
radiometer. Chromel-alumel thermocouples, 3 mil diameter, were spotwelded to the
edge of the Kanthal strip in a similar fashion to the Platinum Rhodium alloy strip with
the addition of a thermocouple on the rear surface opposite the central viewing area.
This latter thermocouple was used because of relatively large center-to-edge temper-
ature gradients which might exist with this lower thermal conductivity, high emittance

material in a convective environment.

Each standard was installed in the apparatus and the ends were clamped to the water-
cooled electrode assemblies. Tension on the strip was regulated by the pneumatic
cylinder which positioned the upper moveable electrode unit. Electrical power for
specimen heating was supplied from a silicon controlled rectifier (SCR) unit operated
by a variable set-point, proportional band controller using one specimen thermocouple
for the controller set-point deviation input. Radiometer output voltage and attenuator
switch position were recorded for each temperature level together with all thermo-
couple outputs (including control) and electrical power across the test area. Addition-
ally, optical pyrometer brightness temperatures were measured for temperatures of
1100°K and higher.

6.4.1 Platinum — 13 Percent Rhodium Results

A total of nineteen sets of emittance data were obtained for this material. Measure-
ments were made at four temperatures (800°, 1100°, 1400° and 1600°K) correspond-
ing to those for the NBS spectral data supplied with the standard. Both total and spec-
tral near normal emittance measurements were obtained, the latter through the use of
the nine spectral filters in the radiometer filter wheel. The measured values of € as
a function of filter band center wavelength for the four temperatures are shown 'in fig-
ures 24 through 27. The solid curves represent the NBS spectral data at each temper-
ature, and these are based upon the arithmetic average of twenty-one measured values

at each wavelength. Standard deviations of the average value for each of seven
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samples measured by NBS are shown by the broken lines of each figure (ref. 22). In
general, the spectral data are in good agreement with the NBS values with the excep-
tion of the 800°K data at 1.42, 2.17 and 7.96 uym. The errors in these data points are
attributed to the very low radiometer signal levels resulting from the low specimen
spectral radiances and narrow filter band passes. These resulted in signal uncertain-
ties of from 10 to 20 percent because of noise at the ver3; high instrument gain settings
required at these wavelengths. The reproducibility of successive measurements at a

given wavelength and temperature, with the exceptions noted earlier, was within 0. 02,

Measured total near-normal emittance values are compared in Table 8 with those cal-
culated from the NBS Spec’tral data by numerical integration of the spectral emittance
curves for the appropriate blackbody energy distributions at each temperature. Spec-
tral standard deviations were used to determine a deviation for € TN assuming that a
high or low standard is consistently high or low at all wavelengths. The measured
values of €py 2gree with the integrated NBS data to withir 0. 012 which is within the

standard deviation.

Table 8

TOTAL NORMAL EMITTANCE OF NBS PLATINUM-13% RHODIUM STANDARD
(SRM 1409) AS A FUNCTION OF TEMPERATURE

Nominal Calculated TN
Test Number of Measured From NBS Spectral
Temperature Measurements €
P4 TN Data
("K)
+0, 00135
800 4 0.0965 ~0. 0015 0.097 £ 0.013
+0.013
1100 5 0.142 ~0. 010 0.146 * 0,015
+0. 004
+
1400 6 0.159 ~0.003 0.153 0. 020
+0. 005
+
1600 4 0.174 ~0. 009 0.165 0.020
6-12
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Values of ETN computed from thermocouple temperature data are 0. 003 higher than
those computed on the basis of optical pyrometer temperature values at 1100° K, 0. 006
higher at 1400°K and 0. 013 higher at 1600° K. True temperatures were calculated |
from pyrometer brightness temperature readings using €, = 0.32 for the sample
emittance and T = 0. 92 for the window (KBr) transmittance at 0.65 um. From these
data it appears that the temperatures measured by edge thermocouples are 10° to

20°K low. This may be attributed to small gradients at the edge and losses from the
leads, both being due to convection.

6.4.2 Oxidized Kanthal Results

During the initial measurements on this specimen a temperature controller malfunction
caused a momentary (2 to 3 sec) overshoot of power to the strip resulting in overheat-
ing, and a fracture of the strip occurred approximately 4-cm from the upper electrode.
As there was no visual change in specimen surface appearance, the strip was cut to a

18-cm length and reinstrumented with thermocouples for a new central measuring
area.

Measured values of € A at temperatures of 1100° and 1300° K are shown in figures 28
and 29 in comparison with the NBS spectral data for these temperatures. Solid and
broken curves represent average and standard deviation values supplied by NBS. The
measured values of €, are typically 0. 03 to 0. 05 higher than the upper deviation
limit. Temperature measurement error must be considered as one possibility for
this behavior; i.e., temperature data from both thermocouple and optical pyrometer
readings are lower than the true temperature. A comparison of thermocouple and
pyrometer brightness temperature yields values of ¢ A at 0. 65 um of between 0. 86
and 0. 89 for the 1100° and1300°K temperatures. These values are consistent with
room temperature values of 0. 84 computed from spectral reflectance measurements
made onthe strip prior to testing. The spectral emittance data of figures 28 and 29
were computed from pyrometer readings assuming €y = 0. 84 at 0. 65 ym, and-the

use of the higher value of e, would result in a slightly lower temperature and higher

A
emittance.
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A second consideration regarding temperature measurement error is to determine the
temperature that would be required to adjust the measured values to agree with the
NBS data. For example, at 2.2 pm and 1100° K it would be necessary to use a temper-
ature of 1105°K to obtain the NBS value from the radiometer signal, whereas, the

was 1086°K. This difference of

A = 0.56at0.65um
which seems to be an unreasonably low value for a temperature of 1100°K. In a fur-

temperature used to reduce the signal data to €y

19°K between brightness and true temperature would require ¢

ther attempt to resolve the differences in spectral emittance room temperature spec-
tral reflectance measurements were performed on a 1. 9-cm square segment taken from
one end of the standard strip. Spectral emittance data computed from the reflectance
values are shown in figure 30 together with the NBS data. The NBS values show a slight
increase in € with increasing temperature and yet the room temperature reflectance
measurements give )\ values greater than the elevated temperature NBS data in the

2 to 6.5 pm region. The 300°K reflectance data also is in good agreement with the data
measured in this program. Considering the possible temperature measurement errors
and the spectral reflectance data it appears that the spectral emittance of the standard
strip specimen is in fact higher than the NBS values. The possibility of contamination
of the surface during instrumentation and installation in the apparétus must, of course,

be considered, but no evidence to support this was found.

Total normal emittance values calculated from the radiometer data at four temperatures,
are shown in Table 9 together with total values computed from the NBS spectral data
using average values. The standard deviations would add 0. 02 to 0. 03 to these values.
Total hemispherical emittances were determined calorimetrically at three lower tem-
peratures under vacuum conditions, and these values are in reasonable agreement with
the total normal data. The higher measured emittances again do not appear to be due to
temperature measurement errors but rather are representative of the actual specimen
which was measured in this program, €N being 0.05 to 0,07 greater than computed
from the NBS spectral data.

On the basis of the results obtained on the Platinum-Rhodium specimen the values of
A and €N determined in the test apparatus should be within 0. 02 to 0. 03 of the true
surface properties.

€
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Table 9

TOTAL EMITTANCE OF NBS OXIDIZED KANTHAL STANDARD (SRM 1427)
AS A FUNCTION OF TEMPERATURE

Test Measured Emittance Total Normal Emittance
Temperature Total Total Calculated from Remarks
(°K) Normal | Hemispherical NBS Spectral Data
645 0.648 0. 667 - In vacuum
805 0.661 0. 636 In vacuum
0. 60
797 0. 697 - Air
1100 0.731 - Air
1086 0.728 0.711 0.64 Vacuum
1093 0.723 - Air
1320 0.724 - Air
{O. 67
1296 0.723 - Air
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Section 7
SAMPLE PREPARATION AND CHARACTERIZATION

The high-temperature/high-strength alloys selected for testing in this program are
listed in Table 10 along with pertinent information provided by the supplier on the as-
received condition of each alloy, Samples of the two columbium alloys were coated
with commercial, oxidation-resistant coatings, Oxidation procedures for the Rene 41,
HS-188 and TD Ni Cr alloys were selected, and oxidized test strips were prepared for
the emittance-stability tests performed in this program. The samples of these alloys
were oxidized in the laboratory using a high temperature tubular furnace in conjunction
with an airdrying system, A description of the furnace and of the oxidation exposures
and results for each alloy is given in the following subsections,

7.1 OXIDATION APPARATUS

A schematic of the high temperature furnace and air-drying system is shown in

figure 31, Pressurized air was regulated to a nominal flow rate of 7 CFH through the
system as indicated by a gas flow meter. Excess moisture was removed from the air
by passing it firsi: through a cooled (dry-ice/alcohol) flask and then through a 30-cm
column of molecular-~sieve drying agent, The dry air was then introduced into a 92-cm
long by 4.15-cm I,D, quartz tube which ran through the center of the furnace and
extended 15-cm from both ends of the furnace, This tube served as a clean housing
for each sample during its oxidation exposure and was plugged at each end with unfired
lava plugs with air feed-through tubes, A wad of glass wood was placed in the air-
entry end of the tube to aid in diffusing the air flow through the tube, 1

Samples in the form of strips or disks (for control evaluations were introduced into the
tube by removing the air vent plug, sliding the samples to the hot central region of the
furnace with a quartz rod, and then replacing the vent plug, Disk samples were
supported horizontally on a small boat fabricated of quartz, high purity alumina and
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platinum, Strip samples were supported horizontally by tying each end of the strip to
a small quartz boat with platinum wire, These supports were of such size as to
position the top surface of each sample near the longitudinal center-line of the furnace.
At the end of each oxidation exposure, the air-vent plug was removed and the samples

were withdrawn from the furnace, and allowed to cool in ambient room air,

The alumina tube furnace had heater windings of Kanthal A-1 with a maximum temper-
ature rating of 1590°K, External shunt posts along the length of the furnace winding
were used for control of the temperature gradient along the length of the furnace tube,
Electrical power to the furnace was controlled manually with a 0 to 20 ampere Power-
stat and an ammeter in series with the heater windings. Furnace temperatures were
monitored with an Pt/Pt-13% Rh thermocouple which could be positioned anywhere
along the length of the furnace inside the quartz support tube, The thermocouple leads
were protected with alumina tubing to facilitate sliding the thermocouple through a
small hole in the lava plug at the air-entry end of the furnace, The normal location of
the thermocouple was at the center of the furnace, and the temperature at this point
was controlled to the nominal oxidation temperature used for each sample, This
thermocouple was also used to measure gradients along the furnace tube length,
Temperature-time records for each sample exposure were recorded with a calibrated

millivolt strip chart recorder,
7.2 OXIDATION PROCEDURES

For each operational temperature the furnace was brought to steady state and main-
tained there for at least 1 hour before starting a sample oxidation exposure, During
this period the proper input power (i,e., current) level was determined and only minor
adjustments were required thereafter to maintain a constant furnace temperature, The
introduction of a strip sample into the furnace resulted in a short-duration temperature
drop of from 25° to 50°K at the center of the furnace, but the steady-state condition
was recovered within a 3 to 5 minute period, '

The 30,5 cm long strip samples were oxidized one at a time due to the limited working
volume within the furnace, but the 2, 54-cm diameter disk samples were oxidized in
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batches of four or five, Disk samples were used to evaluate different exposure-time
effects on emittance and to determine the sample-to-sample emittance variations for
a particular exposure condition, The disks were punched from the same sheet of
material that the strips were cut from, and after oxidation are assumed to be repre-
sentative of the center 15 to 20-cm region of each strip sample with the same oxida-
tion exposure, ‘

Exposure temperatures, time durations, and atmosphere conditions for each alloy
were selected on the basis of recommendations from MSFC which were as follows:

e For Rene 41: a) Resolution heat treat at 1393°K (2050° F) for 1/2 hr, ina
controlled atmosphere of argon or vacuum, then cool rapidly. b) Age at
1170°K (1650° F) for 2 hrs. in a controlled argbn or vacuum atmosphere,
then c) Oxidize at 1170°K for 2 hours in air,

e For HS-188: Oxidize at 1310°K (1900° F) for a short time in dry air,

e For Td Ni Cr: Oxidize at 1477°K (2200° F) for 1/2 to 1 hr, in air,

Since specific oxidation exposure times were not specified by MSFC for the HS-188
and TD NiCr alloys, times of1, 2 and 3 hours were evaluated for the HS-188 alloy and
times of 1/2, 1 and 1-1/2 hrs were evaluated for the TD NiCr alloy, On the basis of
spectral reflectance results for disk samples with these exposures, the 3 hr. exposure
time was selected for the HS-188 alloy and a 1 hr, exposure time was selected for the
TDNiCr alloy.

Prior to oxidization the samples were cleaned using a procedure which would not alter
the surface condition so the samples would be representative of the as-received
condition of each alloy., The use of strong pickling acids or caustic Washes was
avoided so as to not alter the surface chemistry of the materials, Also, the use of
surface roughening methods to improve the initial emittance characteristics of the
materials was not investigated, Before oxidation, each sample was lightly scrubbed
with steel wool, Boraxo and warm water, rinsed, and then washed with ethyl alcohol,

This procedure resulted in a visually clean uniform surface for each sample.
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Resolution heat treatment of the René 41 samples at 1393° K was accomplished using
the same system as described in figure 31 with the exception that argon instead of air
was connected to the inlet regulator, The argon flow rate was maintained at 5 CHF
during this treatment and after 1/2 hr., the samples were 'quick-cooled' in air by
rapidly removing them from the furnace. This treatment resulted in the formation of
a light oxide film on the surface of the samples which was strongly adherent to the
substrate, No attempt was made to reclean the surface before the aging and oxidation
exposure, No pre-oxidation heat treatments were given to the HS-188 and TD Ni Cr
alloys except those performed by the suppliers and noted in Table 10,

Typical temperature gradients along the length of the furnace for each oxidation ex-
posure temperature are shown in figure 32, These temperature differences were
determined from thermocouple readings of the temperature distribution inside the
quartz support tube during actual sample oxidation exposures., Sample locations
within the furnace are also shown on this figure, The sample strips were positioned
2,5 to 5.0 cm towards the air-vent end of the furnace because the air flow shifted the
maximum temperature region inside the quartz support tube towards that end. The
figure shows that temperatures were uniform to within +150° K of the nominal control
temperature over the central 15-cm region of each strip sample. The circled numbers
for each sample location indicate areas where total reflectance measurements were
made after the sample was oxidized to indicate the uniformity of the oxide coating from

end-to-end and on both sides of each sample.
7.3 RESULTS

Five test strip samples and three witness disk samples of each alloy were prepared by
the methods described in the preceding subsection, The disk samples were used to
obtain spectral reflectance measurements indicative of the initial emittance character-
istics of each sample, The visual appearances of the oxidized strip samples were as

follows:

e René 41: Uniform smooth, dull-slate-grey colored oxide on both sides and
from end-to-end with a slight blush of lighter, cream-colored oxide at each end.
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Fig. 32 Furnace Temperature Gradients During Oxidation of Test-Strip Samples
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e HS-188: Uniform smooth, dark-blue-grey colored oxide on both sides and
from end-to-end

e TD Ni Cr: Uniform smooth, dark-blue~-grey colored oxide on both sides and

from end-to-end with a few, randomly scattered black specks on the order of
0.5 mm in diameter,

All of the oxides appear to be tough (i.e., abrasion resistant) and strongly adherent to
the substrate metal,

Total room-temperature emittance values for the oxidized strip samples at the five
location points indicated previously in figure 32 are shown in Table 11, These values
were determined from total reflectance measurements with a Gier-Dunkle Model
DB-100 reflectometer, The emittance values are the average at each location for the
five oxidized sample strips of each alloy, The variability values indicate the range
between maximum and minimum readings obtained at that location for each set of five
samples., These measurements show that the TD Ni Cr samples had the most uniform
and least variable emittance, and the emittance of the René 41 samples was the least
uniform with the highest variability between samples,

Results of room temperature spectral reflectance measurements for the oxidized disk
samples are shown in figures 33 through 37, These measurements were made with a
Cary Model 14 spectroreflectometer at wavelengths between 0,28 and 1.8 pm; and with
a Gier-Dunkle Model HC-300 heated cavity reflectometer at wavelengths between 2 and
24 um, Predicted values of total normal emittance at five temperatures up to 1350°K,
determined by numerical integration of the room temperature spectral curves shown in
the figures, are listed in Table 12, These predicted values are based on the assump-
tion that the spectral emittance characteristics of the sample surtace do not change
with temperature. For these materials this assumption should be approximately cor-
rect up to the temperatures at which the oxides were formed, and the values are
probably somewhat low since €, values for most oxides tend to increase slightly with
increasing temperature, The above remarks apply only to the initial characteristics
of the samples and become invalid as soon as changes in the thickness or chemical
composition of the surface oxide occur,
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Table 11

VARIATIONS IN ROOM TEMPERATURE TOTAL EMITTANCE
FOR OXIDIZED SAMPLE STRIPS

LMSC-D352380

; ; A
Sample/Side D Location Point Alon; Strl%D 5
René 41

Top 0.58% ,08 | 0.59+ .04 | 0.62+ .03 | 0.56 + .05 0.54 £ ,04
Bottom 0.54+ ,05 | 0,56+ .04 | 0.57%.04 | 0.56 + .04 0.53 .05
HS-188
Top 0,37 % .03 0.45+ .02 ] 0,47 .01 0.47 £ ,02 0.44 % , 02
Bottom 0.38+ ,02 0,45 + , 02 0.47+ .01 0,47 £ .01 0.44 £ .03
TDNiCr
Top 0,43+ .03 | 0,42+ .01 | 0.42% .01 | 0.42 + .01 0.43+ .01
Bottom 0,43 % ,01 0.43 % .01 0,43 + .01 0.43 £,01 0,44 £ .01
*See Figure 32
Table 12
PREDICTED* TOTAL NORMAL EMITTANCE VALUES AT
FIVE TEMPERATURES FOR OXIDIZED RENE 41,
HS-188 AND TDNiCr SAMPLES
. € *
Allo Oxidation TN
y Exposure T =300°K|T = 533°K|T = 810°K|T = 1090°K T = 1350°K

Ren€ 41 | As Received 0.26 0.30 0.34 0. 36 0.39
" 1170°K/2 hrs 0. 54 0.64 0.70 0.74 0.77

HS-188 | As Received 0.10 0.13 0.16 0.18 0.20
" 1310°K/1 hr 0.30 0.42 0.49 0.53 0.57
" 1310°K/2 hrs 0.46 0.49 0.55 0.60 0.65
" 1310°K/3 hrs 0,54 0.55 0.60 0,64 0.68

TDNiCr | As Received 0.13 0.16 0.19 0.21 0.23
" 1477°K/1/2 br 0.46 0.45 0,51 0,58 0.63
" 1477°K/1 hr 0.48 0.47 0, b4 0.61 0.67
" 1477°K/1.5hrs 0.49 0.48 0.55 0.62 0.67

*Calculated from room temperature spectral reflectance data.
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Figure 33 shows the variations in spectral emittance obtained for two of the heat
treated, aged and oxidized Ren€ 41 disk samples, The emittance characteristics of
the unoxidized as received material is also shown for comparison. The total normal
emittance values given in Table 12 for the oxidizied René 41 samples are average
values for the two curves shown in figure 33, With these spectral characteristics,
the total emittance of the oxidized René 41 samples should increase with temperature
from about 0, 56 at room temperature to about 0, 75 at 1150°K,

Figure 34 shows the spectral reflectance characteristics of the HS-188 disk samples
that were oxidized for 1, 2 and 3 hours, and of the as received material. The pro-
gression of the reflectance peak that occurs between 3.5 um and 6 ym towards longer
wavelength with increasing exposure time indicates that the oxide coatings are probably
not thick enough to be optically opaque at these wavelengths, On the basis of these
measurements, the oxidation exposure time of 3 hrs. was selected for this alloy in
order to obtain maximum initial emittance characteristics along with a more stable,

optically thick oxide layer.

The curves in figure 35 are for four individual HS-188 disk samples oxidized for 3 hrs,
at 1310°K and indicate the good repeatability of emittance characteristics that was
obtained for these samples. The solid curve is a plot of the average € values for
three samples oxidized on the same day, and the vertical bars through this curve
indicate the maximum and minimum values obtained. The dashed curve is for the

first disk sample oxidized for 3 hrs, which was prepared several weeks earlier,

The differences are minor and can be attributed to slightly different furnace conditions,
On the basis of these spectral characteristics, the total emittance of the oxidized
HS-188 strip samples should increase with temperature from 0, 48 at room temperature

to 0.68 at 1350°K,

Figure 36 shows the spectral reflectance characteristics of the TD Ni Cr disk samples
that were oxidized for 1/2, 1 and 1-1/2 hrs,, and of the as-received material, The
change in location of the major reflectance peak occurring around 6 ym again suggests

that these oxide film thicknesses are not optically opaque at this wavelength; but the
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effect of increased exposure from 1 to 1-1/2 hrs, on the total emittance character-
istics of the samples (see Table 12) is small, therefore an oxidation exposure time
of 1 hr, was selected for this alloy.

The curves in figure 37 are for four separate TD Ni Cr disk samples oxidized for 1 hr.
at 1477° K and indicate the good repeatability of emittance characteristics that was
obtained for these samples, The solid curves are for three samples that were oxidized
on the same day and the dashed curve is for the first sample oxidized for 1 hr, which
was prepared several days earlier, As with the HS-188 samples, the differences are
small and can be attributed to slightly different furnace conditions for the oxidation
exposures, With these spéctral characteristics, the total emittance of the oxidized

TD Ni Cr samples should increase with temperature from 0.44 at room temperature

to about 0,70 at 1480° K,

7.4 COATED Cb ALLOYS

Samples of the two columbium alloys listed in Table 10 were coated with two com-
mercially available, oxidation resistant coatings, (specified by MSFC), for the
exposure tests conducted in this study. The Cb-752 alloy samples were coated by the
HiTemCo Company, Hicksville, N,Y. with a standard R512E coating; and the Ch-129Y
alloy samples were coated by the VacHyde Processing Corp,, Los Angeles, Calif,,
with a VH-101 (formerly VH-109) silicide coating.

Before coating, some of the as-received strips of each alloy, which were 30.5 cm

long by 2, 56-cm wide, were cut in half (lengthwise) and machined to obtain a narrow
test-section area at the center, nominally 1, 0-cm wide by 1, 8-cm long. These

narrow test strips were used for the M1,1 and M2, 1 flow exposure tests, Disk
samples, 2,5-cm in diameter, were also machined from one strip of each alloy so

that room-temperature spectral reflectance measurements for each coating could be
obtained, Holes were drilled in each end and into one edge of each of the strip samples,
as described in Section 8, to facilitate clamping of the samples to the test chamber
electrodes and for attachingy thermocouples, After coating, no further machining or
drilling was done which would disturb the integrity of the protective coatings.
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Room-temperature spectral reflectance data for the as-received samples, before and
after coating, are shown in figures 38 and 39, The coated-sample measurements
were obtained from the disk samples that were coated along with the strip samples,
Both coatings are seen to have similar reflectance characteristics in the region
0.3pum < ) < 25um and both were observed to have about the same visual appearance,

namely a dull, metallic grey color, The room-temperature € values indicated by

these curves are 0, 38 for the Cb-752/R512E samples and 0, 27Tflgr the Cb-129Y/VH-101
samples; and €N for both coatings should increase with increasing temperature, As
discussed in Sections 8,4 and 8.5, the total emittance properties for both coatings
were observed to increase significantly during the first high-temperature test cycle in
air, and considerable changes in the visual appearance of the coatings occurred, Post-
exposure test reflectance measurements with the DB-100 Reflectometer indicated the
long wavelength () > 5um) IR reflectance of both coatings to be significantly lower,

(higher emittance), than the initial reflectance characteristics shown in these figures.

7.5 RSI COATINGS

Two different reusable surface insulation (RSI) coatings were tested in this study: a
grey coating developed by LMSC for their LI-1500 and LI-900 insulation materials
which is designated in this report as LMSC/0042 coating; and a black coating developed
by the McDonnell-Douglas Corp, for their HCF insulation material which is designated
as MDAC/HCF coating. Samples of the LMSC/0042 coating were obtained from the
LMSC RSI-Program division and samples of the MDAC/HCF coating were supplied by
MSFC.

The room-temperature spectral reflectance characteristics of the two coatings are
shown in figure 40 along with a tabulation of 'predicted' total normal emittance values
for temperatures up to 1644°K (2500° F), The predicted TN values are obtained’ by
integration of the two reflectance curves over the appropriate wavelength region for
each temperature, These values should be valid provided that the room-temperature
Py values shown in the figure do not change with temperature, and that the coating
materials remain opaque, i.e,, that the assumption that €, = 1- Py remains valid,

Details of the sample preparation and testing procedures are discussed in Section 8. 6,
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Section 8
EXPERIMENTAL RESULTS

8.1 OXIDIZED RENE 41

Two series of tests were conducted on oxidized samples of this alloy to determine the
emittance characteristics and stability of the material at temperatures up to 1170° K
(1650°F) in the static air and Mach 1.1 and 2.1 flow test environments. The purpose
of the first series of tests was primarily to evaluate the effects of the different flow-
test environments on the temperature of a heated strip sample (No. C2), and the
suitability of thermocouple instrumentation for sample temperature measurement and
control. The second series of tests consisted of five static air and five Mach 1.1 flow
test cycles to evaluate the emittance stability of this material under these test con-
ditions. Emittance properties were determined in vacuum before and after each set of
cyclic tests, and since no significant changes were observed after the first or second

sets of exposures, the Mach 2.1 flow tests were made on the same sample (No. C4).

The initial room-temperature spectral and total emittance characteristics for these‘
samples were inferred from room ftemperature reflectance measurements of the strip
samples and of 2. 54-cm diameter witness-disk samples which were prepared under

the same conditions as the strip samples (See Section 7.2). Reflectance measurements
of the strip samples were also made after testing to determine the changes in sample

properties resulting from the test exposures.

A description of each sample and of the instrumentation and test procedures used is

given in the following paragraphs before discussing the results.

8.1.1 Sample C2

This sample was 30.5-cm long by 2. 64-cm wide by 0.102-cm thick. The center 2.54~-

cm length of the strip was machined to have a narrowed test-section width of 2.16-cm.
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Instrumentation for the sample consisted of five thermocouples, (3-mil bare wire
chromel/alumel with a spherical-bead junction formed in an argon-purged arc welder),
which were spot welded to the bare metal substrate of the strip at the following
locations:

(A) Back surface, on the vertical centerline and 0.25-cm above the horizontal
centerline

(B) Same as above, but 0.25-¢m below the horizontal centerline.

(1) Right edge (facing the front surface), on the horizontal centerline.

(2) Right edge, 0.63-cm below (1).

(3) Right edge, 1.9-cm above (1), and 0.63-cm above the top of the narrowed

test section.,

During the tests of this sample, thermocouple (A) served as the control thermocouple
to the Temperature Controller and the remaining thermocouples served to measure

the center and edge temperatures of the sample during the various test exposures.

The first set of tests involved measurements of the temperature gradients and the
total normal emittance at four steady-state temperatures, maintained by the tempera-
ture controller, during three different Mach 1.1 flow test conditions. The nominal
test temperatures were 645°K, 810°K, 980°K and 1140°K. The three flow-test con~
ditions investigated at each temperature were for test chamber pressures (Pg) of 5,
10 and 20 Torr. These conditions correspond to total pressures at the sample surface
(PS) of about 9, 18 'and 36 Torr (see discussion of flow calibration in Section 6. 1),
over a circular area about 3.8-cm in diameter at the sample location; and are some-
what higher than the range of PS values planned for the regular Mach 1.1 flow test
cycles, i.e. 0 to 20 Torr. The steady-state sample emittance cha}racteristics were
also measured in vacuum (10"2 Torr) at each test-temperature before investigating

the flow-test conditions.

Following these tests, a similar set of measurements were made at the same
temperatures using the Mach 2.1 flow test nozzle. These tests were made for six
different flow-test conditions with test~chamber pressures between 1.3 and 16 Torr.
These pressures correspond to total pressures on the sample silrface of about 6 to
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80 Torr over a circular area about 1.9-cm in diameter at the sample location. The
higher PS test conditions were run to determine the pumping capability limit for the
KT-850 pump and are not representative of the normal M2.1 flow test cycle pressures
used in this program. For the normal test cycles, the maximum chamber pressure
was controlled to 7.2 Torr, corresponding to a total sample pressure of 20 Torr. As
before, the steady-state sample emittance characteristics were measured in vacuum

at each test temperature before investigating the flow-test conditions.

8.1.2 Sample C4

This sample was 30.5~-cm long by 2.64-cm wide by 0.102-cm thick, and was uniform
in width from top to bottom. The sample was used to evaluate the emittance stability
of the oxidized René 41 surface for five static-air test cycles to a maximum tempera-
ture of 1165° K, and subsequently was exposed to five Mach 1.1 flow test cycles and

five Mach 2.1 flow test cycles since no apparent changes in emittance were observed.

Initially the sample was tested in vacuum at temperatures of 710° K, 940°K and 1165°K
to determine the total hemispherical, total normal and spectral normal emittance
characteristics of the sample before the air-exposure tests. For these tests, the
center test area of the sample strip was instrumented with six thermocouples which

were spot-welded to the bare-metal substrate of the strip at the following locations:

(1) Back surface, on the vertical centerline and 1.27-cm above the horizontal
centerline

(2) Same as above but on the horizontal centerline
(3) Same as above, but a 1.27-cm below the horizontal centerline

(4) Back surface, 1.27-cm below the horizontal centerline and halfway between
(8) above and the right-hand edge of the strip.

(5) Right hand edge of strip, 1.27-cm above horizontal centerline. A

(6) Right hand edge of strip, 1.27-cm below horizontal centerline.
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The first four thermocouples were 3-mil diameter, bare wire Pt 6% Rh/Pt 30% Rh
and the two edge-located thermocouples were Pt/Pt 13% Rh.

The sample was installed in the test chamber in the same manner as Sample C2 and,
for the tests in vacuum, was heated in the same manner using the Temperature Con-
troller with a Pt/Pt 13% Rh control unit in place of the Chromel/Alumel control unit,
and the manual ("'Set-Point'") control mode. For the cyclic tests, a Data-Trak Pro-
gram Unit with an appropriate program control card was used in conjunction with the
temperature control unit to drive the controller to the pre-planned temperature
control settings for these test cycles. These instrumentation and test procedures
proved to be suitable for all the sample tests except for the second Mach 2.1 test
cycle when the control thermocouple open-circuited, (one of the leads separated from
the sample), and prematurely shut off the sample heating power. The remaining test
cycles were completed using the other Pt/Pt 13% Rh thermocouple as the control.

8.1.3 Results

A photograph of Samples C2 and C4 along with an untested (Reference) strip is shown
in figure 41 to illustrate the small changes in visual appearance that occurred as a
result of the expoéure tests for each sample. The initial appearance of the sample
oxide coating was a uniform, smooth, dull-slate~grey color. No change in the
appearance of Sample C4 was observed until after the five Mach 2.1 flow test cycles
were completed, at which time it was observed that the oxide color was changed
slightly in some areas to a light yellow-green, and also that a few small, dark spots
had formed on and around the test area region. Similarly, no change in the appearance
of Sample C2 was observed after the Mach 1.1 flow test exposures, but the test area
appeared slightly lighter grey in color after the Mach 2.1 flow tests. Lighter grey
areas also developed on the upper half of both test strips, outside the calibrated-flow
test region. Post-test reflectance measurements of the sample test areas showed that
px in the region 0.3 um A = 1.8 um did not change by more than 0.02 units from the
initial pA curve for these samples, i.e. the differences were small and about the same

as the initial sample-to-sample variations.
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Fig. 41 Visual Appearance of Three Oxidized Rene” 41 Samples
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Initial and final room temperature properties determined from the reflectance meas-
urements for these samples are shown in Table 13. Little or no change in ag or €,
at A = 0.65um, (the optical pyrometer wavelength), ,was observed, which agrees

with the visual observation of little change. A small increase in ¢ was indicated

TN
by the DB-100 readings, implying that ek increased slightly in the long wavelength,
( A > 7pm), spectral region. The initial room temperature ¢ A characteristics for
this material are shown in figures 43 and 44, but post-test measurements of px at

A > 1.8 um were not made; therefore the nature of the changes in €, at these longer

A
IR wavelengths was not determined.

Results of the two flow effects tests on Sample C2 are summarized in Tables 14 and
15. Table 14 shows some of the sample temperature measurement data that was
obtained at the four different test temperatures. This data illustrates the maximum
effect of the two flow~-test environments on the sample temperature gradients from
center-to-edge and from the center-to-upper edge. Data obtained at lower mass~flow
rates (i.e. at lower chamber pressures), showed proportionally less severe tempera-
ture gradients.

The upper set of data obtained in vacuum indicates the actual temperature gradients
that existed in the test section area of this sample with no convective effects on either
the sample surface or on the thermocouple lead wires. The validity of the

thermocouple-indicated gradients was supported by optical pyrometer measurements

Table 13

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF
OXIDIZED RENE 41 SAMPLES

€ A(Pyrom) €TN € €5
@8 [A=0,65pum |(DB 100) {(0.3pm <A < 1.8um)| (2pm < A < 16um)
Initial | 0.86 0.87 0.59 See Figures 42 and 43 |See Figures 42 and 43
Final
C2 0.86 0.88 0.64 See Figure 42 Not Measured
C4 0.87 0.88 0.62 See Figure 43 Not Measured
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EFFECT OF MACH 1.1 AND MACH 2.1 FLOW ENVIRONMENTS ON
TEMPERATURE GRADIENTS IN THE TEST AREA FOR SAMPLE C2

Tost Location Temperature Difference, AT = Tg-Tx
Conditions ch{r)lt, At Tg=645°K | At Tg=810°K | At Tg=980°K | At Tg=1140°K
CK) CK) CK) K

No Flow (1) -3 -4 -6 -11 (-11)
P,=.05Torr (2) -5 -7 -10 -14

(3) -30 -48 -70 -94 (-82)
Mach 1.1
Flow (1 -13 -17 -21 -30 (-18)
P,=20 Torr (2) -6 -8 -13 -21

(3) -53 ~-80 -102 -130 (-103)
Mach 2.1 .
Flow (1) -5 0 +4 +6  (+60)
P,=16 Torr 2) +28 +37 +40 +37

(3) +1 -7 -22 -42

Notes:
1)

)
3

(B)
1)

(2)
(3

Location Point Indicator
(A)

cm above HE,

0.25 cm below. V¢,

from V@,

Temperature control thermocouple - 0,25
Temperature measurement thermocouple -
Edge thermocouple - at HG , 1.08 cm

Edge thermocouple - 0.63 cm below (1)
Edge thermocouple - 1.9 cm above (1) and

0.63 cm above upper end ef test section

8-7
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Table 15

TOTAL NORMAL EMITTANCE RECORD FOR OXIDIZED RENE 41 SAMPLE C2
DURING MACH 1.1 AND MACH 2.1 FLOW TESTS AT FOUR TEMPERATURES

Test Chamber € TN Values Determined at:
Pressure, Pc
(Torr) T = 645°K T = 810°K T = 980°K T = 1140°K

For Mach 1.1 Flow

.05 (No Flow) 0.75 0.79 0.83 0.86
5 0.77 0.82 0.84 0.85
10 0.77 0.82 0.84 0.85
20 0.78 0.82 0.84 0.85

For Mach 2.1 Flow

.05 (No Flow) - 0.74 0.78 0.81 0.88
1.3 0.75 0.79 0.83 0.86
4.0 0.73 0.78 0.83 0.87
7.9 0.74 0.79 0.85 0.86
10 . 0.76 0.80 0.88 0.85
12 0.75 0.81 0.89 0.84
16 0.74 0.82 0.90 0.83

Notes:

(1) Apparent changes in € py during flow tests are attributed to convection effects on
the thermocouple temperature readings. (See Discussion.)

(2) Mach 2.1 flow-test cycles do not normally involve test chamber pressures greater
than 8 Torr. See Section 6.1 for calibrated relationships between P,, P; and Pg.
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that were made during the 1140°K test. The gradients to points 1 and 2 were repeat-
able to within +2° K of the values shown for each set of vacuum environment test
conditions. Data for the Mach 1.1 flow environment indicates that the edges of the
sample test area were convectively cooled to a greater extent than the center of the
test area which was maintained at approximately a constant temperature by control
thermocouple (A) located directly behind the test area. Cooler edges were also
indicated by the optical pyrometer readings at 1140° K; however, the pyrometer readings
also indicate that the gradients were not as large as indicated by the thermocouples.
The reason for this is attributed to additional convective cooling effects on the thermo-
couple lead wires which caused low temperature readings at the sample edges. This
latter effect was observed to be much more severe for the exposed edge-located
thermocouples than for the 'sheltered' thermocouples located on the back surface of

the sample.

Data for the Mach 2.1 flow environment indicates that the center of the test area tended
to be cooled to a greater extent than the edges of the test section, particularly at the
higher test temperatures and test chamber pressures. However upper edge location
point (3), which was outside the calibrated flow field for the Mach 2.1 nozzle, still ran
cooler than the center area at all test temperatures. Optical pyrometer readings
obtained for the 1140° K test also indicated the test section edge temperature to be
higher than the center temperature; and indicated the convective cooling effect on
thermocouple (1) to be on the order of 54° K, considerably greater than the effect

observed in the Mach 1. 1 flow environment.

In contrast to the cooling error for the edge-located thermocouples, a comparison of
optical pyrometer temperature readings at the center of the sample with the back~-
surface thermocouple readings indicated errors of opposite sign for these thermo-
couples. While pyrometer readings indicated that the center temperature dropped
slightly with increasing mass flow, thermocouple (B) indicated a slight increase in
temperature. The reason for this behavior is not obvious, however two possible
answers are suggested: 1) Thermocouples in this region may be convectively heated by
hot air from the warmer adjacent areas of the back surface, or 2) the difference may
be due to real temperature gradients between the front and back surface of the sample.
In either case, the effect on €N determinations that are based on the higher
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(thermocouple) indicated temperatures is that low €N values are obtained. This is
the tendency that was observed for the €N determinations at 1140°K in this flow
environment which are shown in Table 15. Before leaving Table 14 it should be
recalled that the effects shown for these two flow environments are maximum, to
indicate trends, and are not normally encountered until the end of the normal flow-
test cycle when sample temperatures are low and measurements are not being made.

Table 15 is a record of the ¢ determinations that were obtained for Sample C2

TN
during the two flow-test investigations when the sample temperature gradients were

changing as indicated in Table 14. All of the ¢ values in this table were deter-

mined on the basis of the sample temperature ngsurements from thermocouple (B)
which was located directly behind the 0.3-cm diameter target area for the radiometer.
The initial values (in vacuum) indicate the 'true' emittance of the sample at each
temperature, and subsequent values show the effect of the sample temperature
perturbations associated with each flow condition on the emittance determination. € TN
values for both flow environments at the three lower test temperatures are generally
higher than the 'true' values at these temperatures, indicating that the effective
temperature of the target area viewed by the radiometer was higher than was indicated
by thermocouple (B). For the Mach 1.1 flow tests the explanation for this is that
convective cooling of the thermocouple leads must occur and the effect must be greater
than the temperature drop, if any, of the target area due to the cooler adjacent areas.
For the Mach 2.1 flow tests there is the additional possibility that the effective
temperature of the target area is higher than indicated due to heating by the hotter,
surrounding sample area. At low chamber pressures, (P, < 7 Torr), maximum
sample temperatures with Mach 2.1 flow occur at the center of the sample. At higher
chamber pressures, the center of the sample is cooled more effectively and the

region of maximum temperature moves toward the top, bottom and edges of the test

section area.

€N determinations at 1140° K for both flow environments tended to be lower than the
'true' values, indicating that thermocouple (B) was reading too high. Possible
explanations for this occurrence have already been mentioned — either convective
heating of the thermocouple lead wires fo a higher temperature than the junction, or a

real temperature gradient between the front and back surface of the sample, or both.
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The results of this study on Sample C2 indicate that ¢ TN for a heated-strip sample
can be satisfactorily monitored during flow~test exposures by the methods described.
At low test temperatures the accuracy of thermocouple measurements at the back
center surface appears to be on the order of 1%, and the error tends towards a low
temperature reading. The error in ¢ TN determinations corresponding to this
temperature error is about 4%, normally high. At higher test temperatures, the
temperature errors may reverse direction and result in low € TN determinations.

In the latter cases, optical pyrometer temperature determinations are more reliable
for determining sample temperature gradients, and wiil be more reliable for absolute
temperature determinations also provided that € A at the pyrometer wavelength is

known and does not change too greatly with temperature or exposure time.

Total and spectral emittance data obtained during the vacuum tests of Sample C2 are
shown in figures 42 and 44 to indicate the temperature dependency of these properties.
These results are essentially the same as obtained for Sample C4 and will be

discussed after the flow-test results for this latter sample have been presented.

Total normal emittance determinations made before, during and after each of the sets
of five exposure test cycles that were made on Sample C4 are shown in Table 16. As
before, the € TN determinations made in vacuum are assumed to be most representa-
tive of the 'true' € TN values for this material, and the variations obtained during

the various test cycles are attributed primarily to the convective effects described
earlier. € TN values during the five static air test cycles tended to be slightly low,
particularly at the lowest temperature, indicating that the backface thermocouple

readings were between 1 and 2 percent too high.

After these five test cycles, the sample was retested in vacuum and no significant
change in emittance properties was detected; therefore the sample was used to
evaluate the effects of five Mach 1.1 flow-test cycles. During these tests the € TN
determinations tended to be high, similar to the results obtained for Sample C2 in
this type of flow-test environment, indicating that the backface thermocouple readings

were between 1 and 2 percent too low.
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Table 16

TOTAL NORMAL EMITTANCE VALUES FOR OXIDIZED RENE 41 SAMPLE NO. C4
BEFORE, DURING AND AFTER STATIC AIR, MACH 1.1 AND MACH 2.1 FLOW
TEST CYCLES

Static Air Mach 1.1 Flow Mach 2.1 Flow
Test Cycle No. Test Cycles Test Cycles Test Cycles
Ts(CK) €Ny | TgCK)  €qon | TgCK) €TN
Preliminary Tests 710 0.76 711 0.76 710 0.77
in Vacuum 940 0.79 944 0.77 940 0.79
1167 0.85 1173 0.83 1161 0.85
#1 661 N.R. 641 N.R. 650 0.84
888 0.78 896 N.R. 901 0.84
1131 0.83 1143 0.8 1136 0.91
#2 640 0.71 636 0.78 650 N.R.
893 0.77 887 0.84 900 N.R.
1138 0.83 1136 0.88 ——— (3) —-
#3 640 0.71 637 0.78 647 0.76
891 0.78 887 0.84 892 0.81
1138 0.83 1135 0.88 1127 0.90
#4 647 0.75 637 0.79 641 0.78
896 0.80 891 0.83 886 0.84
1142 0.85 1137 0.88 1112 0.95
#5 642 0.72 643 0.80 645 0.79
893 0.78 894 0.86 887 0.82
1140 0.83 1137 0.89 1134 0.87
Post-Cyclic Tests (Same as pre- (Same as pre- 710 0.77
in Vacuum liminary test liminary test 939 0.79
data in vacuum | data invacuum 1161 0.83
for Mach 1.1 for Mach 2.1
Flow Tests) Flow Tests)

Notes:
(1) N.R. indicates no radiometer reading obtained.

(2) All Tg values are those determined from thermocouple readings at the center,
backface of the sample.

(3) The back-surface temperature control thermocouple failed at this time. The
remaining test cycles were made using an edge~-located thermocouple for control.
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Post-test measurements in vacuum again indicated no significant change in the
emittance properties of the sample; therefore, the sample was used again to evaluate

the effects of five Mach 2.1 flow test cycles. Sample temperatures and € deter-

minations were more variable during these last test cycles, apparently becrzl;llise of the
more severe vibration and flutter of the thermocouple lead wires in this test environ-
ment. During the second M2. 1 test cycle, one of the control thermocouple leads
separated from the sample causing a power shut-down and early termination of the
cycle. The remaining test cycles were completed using one of the edge-located
thermocouples for the temperature controller. Post-test measurements in vacuum

again indicated no significant change from the initial sample emittance properties.

Calorimetric determinations of total hemispherical emittance are shown in Table 17

along with each corresponding ¢ value. These determinations are based on the

applied power and sample temperzilz\flre measurements that were made during each of
the tests in vacuum. ¢ TH values at the two lower test temperatures were from 1 to
3 percent lower than the corresponding € TN values. At the highest test temperature,
the difference increased to about 5%. These differences appear to be consistent with
€ri €TN ratios that are usually reported for metallic oxides of this type. A sum-
mary of the total emittance data for oxidized Rene 41 as a function of temperature is

shown in figure 42,

Spectral emittance measurements made during the vacuum tests of Samples C2 and

C4 are summarized infigures 43, 44 and 45. The initial and final spectral emittance
characteristics determined from room temperature reflectance measurements are

also included in figures 43 and 44 for comparison. At wavelengths between 1 and

5 um, neither sample displays much change in € A with temperature although all of
the elevated temperature determinations are somewhat higher than the initial room
temperature determinations. At wavelengths longer than 5 pm a definite and consistent

increase in €, with increasing temperature is evident., One exception is noted for the

7.95 um narrz)\w-band measurements which all are lower than the initial reom tempera-
ture value of € at that wavelength. These spectral emittance characteristics are in
good agreement with the total emittance determinations for these samples and they
indicate that the observed increase in total emittance with temperature is due primarily

to the nongrey emittance characteristics of the samples rather than fo any marked
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change in spectral emittance characteristics with temperature. The relative impor-
tance of the shorter wavelengths to total emittance is shown in Table 18. This table
shows the percentages of total blackbody energy radiated in three different spectral
bands foAr three typical test temperatures for the oxidized Rene 41 samples. At
temperatures between 700° K and 1150° K, 70 to 87 percent of the total energy radiated
by a blackbody lies in the 1.45 to 8 um spectral region.

Table 18

SUMMARY OF BLACKBODY ENERGY DISTRIBUTION IN THE SPECTRAL BANDS
MEASURED BY THE RADIOMETER AT THREE TYPICAL TEST TEMPERATURES
FOR THE OXIDIZED RENE 41 SAMPLES

Temperature | Percentage of Ej, Percentage of Ey, Percentage of Ey
(°K) at , < L.45pm {atl.45pm < A s 8pum at > 8um
700°K 0 70 30
950° K 1 ' 83 16

1150°K 3 87 10

Figure 45 shows a comparison of the spectral emittance data obtained (in vacuum)
from Samples C2 and C4 at the highest test temperature after each of the flow-test
exposures. The data indicates that little or no change in the initial characteristics
occurred as a result of the Mach 1.1 flow test cycles; however, a slight drop of € A
in the 1.45 um to 4.25 ym region is indicated for Sample C4 after the Mach 2.1 flow
tests. This correlates with the slightly lower (about 2%) € TN determination for this
sample after these tests. Additional tests are needed to verify if this change is
caused by this more severe flow exposure; and if so, whether the emittance will con-

tinue to drop as the material is subjected to a greater number of test cycles.

8.2 OXIDIZED HS-188

Static and flowing air exposure cyéles were performed on two samples of oxidized
HS-188 alloy at temperatures to 1310°K (1900° F). The static air and Mach 1.1 flow
test exposures were evaluated using Sample No. D1; the Mach 2.1 flow test exposures

were made using Sample No. D2. The initial room~-temperature spectral and total
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emittance characteristics of the saimples were inferred from reflectance measure-
ments of the sample strips and of 2.54-cm diameter witness-disk samples which were
oxidized in the same manner as the strip samples, (see Section 7). Post-test
reﬂectar_lce measurements of the sample strips were also made to determine the
effect of the various exposures on the room-temperature properties. The spectral
and total emittance properties of both samples were also determined in vacuum at
three temperatures, (nominally 810°K, 1140° K and 1310° K), before and after each
set of exposure cycles to determine the effects of the exposures on the high-
temperature emittance properties of the samples.

A description of each sample and of the instrumentation and test procedures used is

presented in the following paragraphs before discussing the results.

8.2.1 Sample D1

The dimensions of this sample strip, before oxidation, were: 30.5-cm long by 2.61~
cm wide by 0.108-cm thick. The width and thickness of the strip were uniform from
top to bottom. This sample was used to evaluate the emittance stability of the
oxidized HS-188 surface during five static-air test cycles to temperatures of 1310°K
and was then exposed to five Mach 1.1 flow-test cycles at the same nominal test
temperatures. Before and after each set of exposure-test cycles the sample was
tested at three steady-state temperatures in vacuum to determine the total hemi~

spherical, fotal normal and spectral normal emittance characteristics of the sample.

The central test-section region of the sample strip was instrumented with several
thermocouples attached at various locations on the back surface and at one edge of the
strip to indicate the temperature variations in the test region during each exposure
condition. These thermocouples also served as temperature control sensors during
the exposure-test cycles, and as voltage-drop measurement leads for the calorimetric
€rH determinations in vacuum. All of the thermocouples were fakricated from 3~mil
diameter wires and their junctions were spot-welded to small, clean areas of bare
substrate metal where the surface oxide had been removed with a small grinder. After

attaching the thermocouples, the sample was clamped into the test~chamber electrodes

8-20

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY, INC.



LMSC-D352380

and positioned so that the radiometer viewed the center, approximately 0.3-cm

diameter, area of the sample test zone.

For the tests in vacuum, sample temperatures were controlled using the Temperature
Control unit in conjunction with one of the back-face sample thermocouples and the
SCR Power Unit, and using the "Set-Point'" control mode of operation. For the cyclic
exposure tests, the Data-Trak unit was used_ in conjunction with the control units
above and was programmed to give approximately the same steady-state temperature
steps as were obtained in the vacuum tests. Sample temperatures for the first three
static-air test cycles were about 50° K lower than desired; therefore, a new control

card was made and used thereafter to bring T up to approximately 1310° K. These

max
instrumentation and control methods resulted in consistent sample temperatures from

cycle-to-cycle and proved satisfactory for all the tests conducted with this sample.

At the 1140°K and 1310°K test temperatures, optical pyrometer measurements of
sample temperature were also made. As discussed later with the results, these
temperature readings were generally in good agreement with the thermocouple-
indicated temperatures — indicating that the sample emittance at the pyrometer wave-
length did not change appreciably between 300° K and 1310° K.

8.2.2 Sample D2

The Mach 2.1 flow exposure~tests were made using Sample Strip No. D2 which was
machined to have a narrowed test section region at the center to prevent overheating
of the sample regions above and below the test section during the high-temperature
portion of the exposure cycles. The strip dimensions were 30.5~cm long by 1.42-cm
wide, and the narrowed test section at the center of the strip was 1.85-cm long by

1.17-cm wide. The thickness of the strip, before oxidation, was 0.103~-cm.

Sample instrumentation consisted of three thermaocouples which were attached to the
back surface of the strip at the center, top and bottom of the narrow test section, and
four additional thermocouples which were attached at points 2.5, 5, 7.5 and 10~cm
below the test section. The test temperatures were programmed and controlled in the

same manner as described for Sample D1.
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As with Sample D1, the emittance properties of Sample D2 were also determined in
vacuum before and after the five exposure test cycles to indicate if any change

occurred as a result of the exposures. Calorimetrically determined € values for

TH
this sample are less certain than for Sample D1 because of the larger temperature
gradients which necessitated estimations of the average temperature of the test

section surface area. The effect of the temperature gradients on the € and € A

TN
determinations, however, was assumed to be small because of the small area viewed

by the radiometer.

8.2.3 Results

A photograph of Samples D1 and D2 along with an untested (Reference) strip is shown
in figure 46 to illustrate that no significant change in the visual appearance of either
sample occurred as a result of the sample exposure tests. The initial appearance of
the oxide coating was uniform, smooth, and dark-blue-grey color on both sides and
from end-to~end. The oxide coating was strongly adherent to the substrate metal.
After testing, the appearance of Sample D1 was slightly darker than that of Sample
D2, but neither sample appeared much different than inijtially. Post~test reflectance
measurements of the sample test areas showed that changes in p ) Wwere not more

than +0.02 in the region 0.3 ym = 1.8 um. (See figure 49.)

Initial and final room-temperature properties for these samples, determined from
the reflectance measurements, are listed in Table 19. The changes observed in ozs
and € A at A = 0.65pum were small and in agreement with the visual observations.
The total IR-reflectance measurements for Sample D1 indicated a slight increase in
€ rN? from 0.47 to 0.50. € TN values for Sample D2 could not be determined because
the strip was too narrow for measurement with the DB-100 reflectometer. The initial
room~temperature € A characteristics of the oxidized HS-188 samples for the region
0.30 um < -3 ¥ 16 pm are shown in figures 47 and 48 for comparison with the high

temperature ¢ . data that is discussed later. Post~test measurements of ¢ A at A

A
> 1.8 um were not made, but measurements at the shorter wavelengths were

obtained and are shown in figure 47.
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Fig. 46 Visual Appearance of Three Oxidized HS-188 Samples

8-23

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

Table 19

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF
OXIDIZED HS-188 SAMPLES

os € )\_(Pyrom) € ™ € A €
A=0.65pm|(DB-100)|{ (0.3 pm < A =< L.8um)| (2um < A < 16 pm)
Initial { 0.87 0.89 0.47 See Figures 47 and 48 | See Figures47 and 48
Final
D1 }0.88 0.90 0.50 See Figure 49 Not Measured
D2 10.85 0.89 N.R. See Figure 49 Not Measured

A summary of the radiometer-determined values of € for both samples before,

TN
during and after each set of exposure test cycles is shown in Table 20. During the
static-air test cycles of Sample D1, € TN determinations were from 5 to 10 percent
higher at each temperature than those obtained during the initial tests in vacuum.

Higher € N values were also obtained from the tests in vacuum after this series of

T

exposures, indicating that a real increase in € occurred as a result of these

TN
exposures. Subsequent tests of the sample in the Mach 1.1 flow environment did not

appear to have any significant affect on emittance.

Total normal emittance values for Sample D2 before, during and after five Mach 2.1
flow-test exposures are shown in the right-hand column of Table 20. The € TN values
for this sample were consistently about 10 percent lower than the values obtained for
Sample D1. These differences could be real sample~to-sample variations in the
thickness and/or composition of the oxidized surface, or could be the result of
temperature determination errors for the sample area viewed by the radiometer. In
either case, no significant change in € TN Was observed to occur as a result of these

test exposures.

The sample temperatures listed in Table 20 for the first set of tests.of Sample D1 are
those that were indicated by the back-face thermocouples attached to this sample.
During the tests in vacuum and in the static air pressure environment, the thermo-

couple readings indicated the temperature of the test-section area of this sample to be
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TOTAL NORMAL EMITTANCE VALUES FOR OXIDIZED HS-188 SAMPLES BEFORE,
DURING AND AFTER FLOW TEST CYCLES

Static Air Mach 1.1 Flow Mach 2.1 Flow
Test Cycle No, Test Cycles, Test Cycles, Test Cycles,
(Sample D1) (Sample D1) (Sample D2)

T,CK) €N Ts(CK) €TN Ts (K €TN
Preliminary Tests 810 0.64 810 0.70 812 0.62
in Vacuum 1149 0.78 1140 0.82 1142 0.74
1310 0.76 1305 0.81 1325 0.72
#1 756 0.67 744 0.67 765 0.61
1097 0.80 1090 0.81 1105 0.75
1259 0.82 1311 0.83 1331 0.74
#2 757 0.67 747 0.68 766 0.61
1091 0.81 1093 0.79 1100 0.75
1276 0.84 1310 0.82 1332 0.75
#3 756 0.67 744 0.67 769 0.62
1091 0.80 1090 0.79 1111 0.74
1272 0.84 1308 0.82 1336 0.74
#4 757 0.70 749 0.68 748 N.R.
1101 0.84 1094 0.81 1113 N.R.
1323 0.87 1309 0.83 1335 0.73
#5 754 0.68 754 0.68 744 0.66
1099 0.82 1095 0.79 1111 0.72
1320 0.86 1296 0.83 1332 .75
Post Exposure Same as pre- 804 0.67 812 0.62
Tests in Vacuum liminary Data 1140 0.81 1142 0.73
in Vacuum Be- 1312 0.80 - 1317 0.75

fore M1.1 Flow

Tests

Notes:

(1) Tg values at 1100°K and 1310° K during the Flow-Test Cycles were determined

from optical pyrometer readings.

temperatures.

(2) N.R. indicates that radiometer readings were not obtained.
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uniform to within 10° K, from top-to-bottom; and indicated center-to-edge differences
of about 10°K at Tg = 810°K, to about 30°K at Tg = 1310°K. Similar temperature
gradients were indicated by optical pyrometer readings at the 1310° K test temperatures.
Absolute sample temperatures determined from the optical pyrometer readings at
1310°K also agreed with the thermocouple temperature readings to within +5° K, which
indicates that the emittance of the oxidized surface at 0.65um (the pyrometer wave-
length) did not change appreciably from the value indicated by the room-temperature
reflectance readings, i.e. 0.90 +£0.02. Most of the femperature drop at the edges of
this sample appeared to occur in the region immediately adjacent to the edges and
should have no effect on the temperature of the central test area viewed by the
radiometer. For the calorimetrically determined values of € TH * corrections of -3° K,
-6° K and ~8° K at each of the respective test temperatures were used to obtain an

average temperature value for the total test-section area.

During the Mach 1.1 Flow-Test exposures for Sample D1, optical pyrometer readings
indicated that the center of the test section area was cooled 15 to 20° K below the
temperatures at the top and bottom of the test area at Tg = 1310°K, but was about

20° K higher than the edges of the sample. These gradients increased as the test
chamber/flow nozzle pressures were increased during the high-temperature portion

of each test cycle. The sample thermocouple readings under these test conditions
indicated similar temperature gradients, but the absolute temperature indications were
from 5 to 10° K lower than those indicated by the pyrometer. The optical pyrometer
temperature readings are believed to be more reliable than the thermocouple readings
under these test conditions and are the ones listed in Table 20 for all but the 750° K

tests.

The Tg values for Sample D2 in Table 20 are those indicated by the center, back-face
thermocouple for the initial tests at 812°K and 1142°K in vacuum and for the low-
temperature portions of the Mach 2.1 flow test cycles. All the other Ty values were
determined from optical pyrometer reac%ings. For the tests in vacuum, temperatures
at the center of the narrowed test sectio;l were observed to be higher than the
temperatures at the top and bottom of the test-section area by the following amounts:
9°K at 812°K, 22°K at 1142°K, and 37°K at 1320° K. Center-to-edge temperature
gradients of 2°K and 9°K at 1142° K and 1320° K, respectively, were indicated by the
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optical pyrometer. For the calorimetric € TH determinations for this sample,
corrections of -4°K, ~11°K and -15° K were used at each respective test-temperature

level to obtain an estimate of the average temperature for the test section area.

During the Mach 2.1 flow-test cycles of Sample D2, the test section temperature
gradients appeared to be about the same as for the tests in vacuum, but the absolute
temperatures indicated by the thermocouples were from 20 to 25°K lower than
indicated by the optical pyrometer at 1330° K. The reason for this difference is
attributed to convective cooling of the thermocouple lead wires in this environment,

therefore the pyrometer-indicated temperatures are believed to be more reliable.

Total hemispherical and total normal emittance values for Samples D1 and D2,
determined during the tests in vacuum before and after each set of exposure-test

cycles, are shown in Table 21. € values for Sample D1 before and after the five

static-air test cycles show about t}‘l? same percentage increase as was observed for
the ETN values. This further supports the belief that the increase observed in the
emittance of this sample was real, and probably due to additional oxidation of the
or € was observed after

TH TN
the five Mach 1.1 flow-test exposures for this sample. The hemispherical-to-normal

sample surface. No significant change in either €

emittance ratios for this sample appeared to vary from about 1.0 at 810° K to about
0.96 at the two higher test temperatures, both before and after the static air and
Mach 1.1 flow-test exposures.

The € TH values for Sample D2 in Table 21 are shown in parenthesis to indicate that
they are less reliable than the values determined from Sample D1, due to greater
uncertainties in the applied power and sample temperature determinations. On the
values for Sample D2

basis of the € ratios obtained for Sample D1, the €

TH TN TH
appear to be from 10 to 15 percent too high; however, their consistency serves as an
additional indication that no significant change in the emittance of the sample occurred

as a result of the five Mach 2.1 flow-test exposure cycles.

8-27

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC~D352380

Table 21

TOTAL HEMISPHERICAL AND TOTAL NORMAL EMITTANCE VALUES
FOR OXIDIZED HS-188 SAMPLES

Before Testing After Testing
Sample No. o o
T,CK  Sqp/epny | TsCR € rH/STN
D1 (Static 810 0.65/0.64 810 0.70/0.70
Air Tests) 1149 0.73/0.78 1140 0.77/0.82
1310 0.73/0.76 1305 0.77/0.81
D1 (M1.1 810 0.70/0.70 804 0.70/0.67
Flow Tests) 1140 0.77/0.82 1140 0.77/0.81
1305 0.77/0.81 i312 0.77/0.80
D2 (M2.1 812 (0.72)/0.62 812 (0.74)/0.62
Flow Tests) 1142 (0.78)/0.74 1142 (0.78)/0.73
1325 (0.77)/0.72 1317 (0.78)/0.75
Note:

(1) €y values for Sample D2 are less reliable than for Sample D1 due to greater
uncertainties in the applied power and sample temperature determinations.

Spectral emittance data for the two oxidized HS-188 samples are shown in figures 47,
48, 49. Figure 47 shows the initial € 2 characteristics obtained for Sample D1

during the first set of tests in vacuum and for comparison, shows the room-temperature
emittance characteristics that were derived from spectral reflectance measurements on
an oxidized disk sample. Figure 48 shows a similar set of data for Sample D2; and
figure 49 compares the initial and final € ) curves obtained at 1320° K (nominal) for
both samples along with the post-test reflectance measurement results for the samples
at 0.3uym < A < 1.8 um.

The data in figures 47 and 48 indicates that the spectral emittance characteristics for
both samples were essentially the same although the €, values for Sample D1 were
slightly higher than for Sample D2 at all wavelengths. The higher €5 values for
Sample D1 correlate with the higher ¢ TN values obtained for this sample and, as
discussed earlier, may be due to real sample-to-sample differences and/or to sample
temperature measurement errors. The latter error would be more likely for Sample

D2. At wavelengths less than 8 um, € A values for this oxidized alloy do not change
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appreciably with temperature between 810° K and 13205 K, but most of the elevated
temperature values are from 5 to 15 percent higher than the corresponding room-
temperature values indicated by the reflectance measurements. In the 8 to 16 pum
band, a greater temperature dependence is noted, and both samples show maximum
€  values in this band at 1145° K and then a slight drop at 1320°K. This tendency
towards decreasing € A with increasing temperature between 1145°K and 1320°K
correlates with the 2 to 3 percent drop that was observed in the €N determinations
at these temperatures. The increase in € TN with temperature between 300° K and
1140° K is clearly due to the non~-grey ¢ A characteristics of the samples, i.e.

TN of the
spectral bands below, in and beyond the 1.45 um to 8 um band region covered by the

increases at the shorter wavelengths. The relative importance to ¢

radiometer filters is shown in Table 22 for the three nominal test temperatures used

for this material.

Changes in the spectral emittance characteristics of Samples D1 and D2 as a result of
their exposure tests are shown by the data in figure 49. This data is from the initial
and final vacuum test measurements made on these samples at 1320° K. The post-test
reflectance data for each sample in the region 0.3 pm =< A < 1.8 um is also shown
on this figure to indicate the small changes that occurred in this spectral region. For
both samples € A values obtained after the exposure tests were higher than before at
all wavelengths except for Sample D1 at A, = 2.7 um. The largest increases occurred
at A =4.85umand A= 5,45um and these changes would account for most of the
observed increase in € TN for these samples. Note that the higher reflectance, (lower
emittance), measurements for Sample D2, as compared with Sample D1, correlates
with the lower emittance values obtained for this sample at the longer wavelengths.
This lends support to the belief that the observed differences in emittance for these
two samples was due o real sample~to-sample variations rather than to temperature

measurement errors.
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Table 22

BLACKBODY ENERGY DISTRIBUTION IN THE SPECTRAL BANDS MEASURED
BY THE RADIOMETER AT THREE TYPICAL TEST TEMPERATURES FOR THE
OXIDIZED HS-188 SAMPLES

Temperature Percentage of Ey, Percentage of Ep, Percentage of Ey,
(°K) at A < l.45um at 1.45pum < ) < 8um at A > 8um
810 0 77 23
1140 2 87 11
1310 5 87 8

8.3 OXIDIZED TD NiCr

The emittance stability of two samples of this oxidized alloy was evaluated in static
and flowing-air environments at temperatures up to 1480° K. The effects of the static-
air and Mach 1.1 flow-test exposures were evaluated using Sample Al. The effects

of the Mach 2.1 flow-test exposure cycles were evaluated with Sample A2. The initial
room-temperature spectral and total emittance characteristics of the samples were
inferred from reflectance measurements of the strip samples and of 1-inch diémeter
witness-disk samples which were oxidized in the same manner (see Section 7). Changes
in the room-temperature properties resulting from the various exposure tests were
determined from post-test reflectance measurements. Total and spectral emittance
properties of the strip samples were also determined at four temperatures, (nominally
815°K, 1144°K, 1310°K and 1477°K), in vacuum before and after each set of exposure
test cycles.

One exception was made for Sample Al which was not tested iﬁ vacuum after the
Mach 1.1 flow-test exposures because the sample accidently overheated and was
damaged during the third exposure test cycle. As discussed later with the test
results, total normal emittance values for Sample Al appeared to remain stable up
until this time, therefore no additional testing was attempted.

A description of the samples and of the instrumentation and test procedures used is

given in the following paragraphs before discussing the results.
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8.3.1 Sample Al

The dimensions of this strip sample before oxidation were: 30.5-cm long by 2.70-cm
wide by 0.101-cm thick., The width and thickness of thé strip were uniform from top
to bottom. Sample instrumentation consisted of eight thermocouples attached to the
sample as follows: Four Pt 6% Rh/Pt 30% Rh thermocouples spot welded to the back
surface of the central test section; two Pt/Pt 13% Rh thermocouples spot welded to one
edge of the test section; and two Chromel/Alumel thermocouples spot welded to the back
surface of the test section between the Pt 6% Rh/ Pt 30% Rh locations. All of the
thermocouples were made from 3-mil diameter lead wire and were spot welded to
clean, bare-metal areas on the sample where the surface oxide had been removed with
a small grinder. These thermocouples served to indicate temperature variations in
the test-section region of the sample and as temperature control sensors for the
temperature controller. The similar-metal legs of the thermocouples also served

as voltage measurement leads for the applied power measurements used to determine
total hemispherical emittance values for the sample. After atiaching the thérmo—
couples the sample was clamped between the test~chamber electrodes and was verti-
cally positioned so the radiometer and optical pyrometer viewed the center area of the

sample test zone.

Sample temperatures were controlled using the same methods as described in the
preceeding section for HS-188 Sample D1; i.e., the steady~-state tests in vacuum were
controlled manually and the cyclic static-air and Mach 1.1 flow test temperatures
were controlled by the programmed Data-Trak unit., These methods provided stable
sample temperatures and consistent temperature readings for all-the tests in vacuum
and in the static-air environment, but proved to be unreliable during the Mach 1.1
flow-test exposures. During these later test cycles, excessive vibration and fluttering
of thé thermocouple leads occurred which caused them to either separate from the
sample or to cross over one another and thereby"short-out' the true temperature
reading. Midway through the third test cycle the control thermocouple leads 'shorted
against one another, and due to an inadequate power-limit setting on the controller,
this caused the sample to overheat and separate in the region about 5-cm below the
top electrode clamp. No further tests on this sample were attempted after this

occurrence.
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Sample temperature measurements were also made with the optical pyrometer at the
higher test temperatures and were generally in good agreement with the thermocouple-
indicated temperatures during the tests in vacuum and in the static-air environment.
During the Mach 1.1 flow~test cycles, sample temperatures were determined pri-
marily by the pyrometer method because of the erratic thermocouple readings that
were obtained in this test-environment.

8.3.2 Sample A2

Five Mach 2.1 flow~test cycles were made using strip Sample A2 which was machined
to have a narrowed test section at the center, similar to that for HS-188 Sample D2.
The dimensions of this strip, before oxidation, were 30.5~-cm long by 1.20-cm wide
by 0.109-cm thick, and the narrowed test section was 1.91-cm long by 0.89-cm wide.
Five thermocouples, (three Pt 6% Rh/Pt 30% Rh and two Chromel/Alumel), were spot-
welded to the back surface of the sample in the usual manner. By moving the thermo-
couple lead-wire support stand which was located about 15-cm behind the sample in
closer to the sample, much of the vibration and flutter problem with the thermocouple
leads was eliminated and satisfactory temperature measurement and control was
obtained throughout these tests.

Tests in vacuum were made before and after the five Mach 2,1 flow-test cycles to
determine the effect of the exposures on the high temperature emittance properties of
the sample. Due to the non-uniform temperatures in the narrowed test-section region,
the calorimetrically-determined €y values are less certain than those for Sample
Al but they serve to indicate the emittance stability of the sample. The effect of
temperature gradients on the ¢ TN and € A determinations was assumed to be small
because of the small area viewed by the radiometer, therefore no corrections were

attempted.

8.3.3 Results

A photograph of Samples Al and A2 along with an untested (Reference) sample strip is
shown in figure 50 to illustrate the initial and final appearance of each sample. The

initial appearance of the oxidized surface of these samples was uniform, smooth, and
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Fig. 50 Visual Appearance of Three Oxidized TD Ni Cr Samples
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dark blue-grey in color. A few randomly scattered specks of dark black oxide were
also observed which were on the order of 6.2 to 0.5 mm in diameter. The appearance
of Sample Al after five static-air exposure cycles and fhree Mach 1.1 flow-test
cycles was slightly lighter grey in color and the surface texture was somewhat
coarser. This latter characteristic appeared to be related to the formation of more
black specks on the surface which were observed to form primarily during the 25~
minute period of initial testing in vacuum at 1483° K. The appearance of Sample A2
after five Mach 2.1 flow-test cycles was similar to that of Sample Al in the regions
above and below the narrowed test section, but the test section area changed to a

dark-green color, and appeared less uniform with a coarser texture.

Changes in the sample properties indicated by the room-temperature reflectance
measurements are shown in Table 23. The solar absorptance of Sample Al changed
from 0.87 to 0.84, which correlates with the slightly lighter appearance of the sample
after the test exposures. No change in ozs for Sample A2 was observed. The
reflectance data for Sample A2 (see figure 54) indicated a slightly higher absorptance
after testing in the region 0.3 ym < A < 0.6 pm and a lower absorptance in the

region 0.8 um < A < 1.8 pm. No significant change in the reflectance (or emittance)
of either sample at the pyrometer wavelength was observed; and the DB-100 reflectance
measurements indicated that €N for Sample Al did not change appreciably. Sample
A2 was too narrow to measure with the DB~100. The initial € A characteristics of

the oxidized TD Ni Cr samples for the region 0.30pym < A < 16 pm are shown in
figures 51 and 52 for comparison with the high temperature ¢ A data that is discussed
later. Post-test € data for the two samples in the region 0.30 pm = A < 1.8um
are shown in figure 54. ‘

A record of the € TN data obtained for the two TD Ni Cr samples before, during and
after the static-air and flow-test exposure cycles is shown in Table 24. No significant
change in the emittance of Sample Al was observed during or after the five static-air
test cycles. During the first three Mach 1.1 flow-test cycles, the € TN determinations
were slightly lower than the initial values. This may have been due to a slight mis-
alignment of the radiometer or to the effect of the sample temperature gradients that
occurred during these test cycles. Post-exposure fests of Sample Al in vacuum were

not made because of the sample failure that occurred during the third Mach 1.1 test
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Table 23

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF OXIDIZED
TD Ni Cr SAMPLES

o € }\(Pyrom) €N € €
A=0.65pm | (DB-100) {0.3um < A < 1.8um| 2um < ) < 16 um
Initial | 0.87 0.89 0.42 See Figures 51 and 52 | See Figures 51 and 52
Final
Al 0.84 0.88 0.43 See Figure 53 Not measured
A2 0.87 0.90 Notmea- | See Figure 54 Not measured
sured

cycle; however, the data obtained up until this time indicated that the emittance of the
sample was stable. € TN determinations for Sample A2 were generally the same as
for Sample Al and indicated that no significant change occurred during the five Mach
2.1 Flow-Test exposures for this sample.

Except for the low-temperature tests in vacuum, all the Tq values listed in Table 24
are those determined from optical pyrometer readings at the center of the test sections,
where it was assumed that € A at A = 0.65pm did not change from 0.89 with
temperature. During the tests in vacuum the temperatures indicated by the optical
pyrometer agreed with the back face thermocouple readings at 1145° K, but were about
1/2% higher (+7°K) at 1310°K and about 1% higher (+14°K) at 1485° K., At these higher
test temperatures, and during all of the flow~exposure tests, more confidence was

put into the pyrometer temperature determinations. The sample temperature gradients
that were observed during these tests were similar to those observed for the HS-188
samples under the same test conditions, and similar corrections were made to obtain
the average test-section temperature values used for the calorimetric ¢ TH deter-
minations. At the four nominal test temperatures in vacuum these corrections were:
-2°K, -3°K, -4°K and -6°K for.Sample Al, to correct for the centér-to—edge grad-
ients; and -3°K, -6°K, -9°K and -12°K for Sample A2, to correct for the vertical
g‘radients' that occurred in the narrowed test~section of this sample.
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Table 24

TOTAL NORMAL EMITTANCE VALUES FOR OXIDIZED TD Ni Cr SAMPLES
BEFORE, DURING AND AFTER EXPOSURE TEST CYCLES

Sample Al Sample A1 (M1.1 Sample A2 (M2.1

Test Cycle No. (Static Air Tests) Flow Tests) Flow Tests)
TS(K) €TN Ts(K) eTN TS(K) €TN
Preliminary Tests 812 0.61 814 0.61 830 0.63
in Vacuum 1145 0.71 1147 0.71 1144 0.71
1309 0.73 1313 0.74 1300 0.72
1483 0.70 1485 0.72 1473 0.69
#1 1127 0.67 1089 0.63 1122 0.65
1286 0.70 1262 0.68 1253 0.63
1444 0.71 1450 0.65 1396 0.64
#2 1128 0.70 1095 0.68 1106 0.68
1287 0.70 1283 0.67 1291 0.71
1444 0.71 1468 0.68 1472 0.68
#3 1128 0.69 1089 0.69 1106 0.70
1286 0.70 1279 0.68 1289 0.74
1444 0.71 1470 0.69 1473 0.73
#4 1128 0.70 1101 0.69
1286 0.71 (See Note 2) 1265 0.72
1443 0.71 1447 0.72
#5 1129 0.70 1106 0.70
1287 0.71 1280 0.71
1439 0.73 1445 0.72
Post-Cyclic Tests (Same as Pre- 841 0.60
in Vacuum liminary Test 1140 0.71
Data for Next 1309 0.71
Column) 1479 0.72

Notes:

(1) Al TS values determined from optical pyrometer readings eXcept for lowest
temperature tests in vacuum.

(2) Tests of Sample Al were terminated after the sample failed (overheated) midway
through the third Mach 1.1 flow-test cycle.
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Total hemispherical emittance values for Sample Al and A2 which were determined
along with the total normal values during the tests in vacuum before and after the
static-air and Mach 2.1 flow-test exposures are shown in Table 25. No significant

change in either of these properties for either sample was detected. The € values

for Sample A2 are obviously too high, due either to errors in the average terfllgerature
determination for the narrowed test-section area or to errors in the applied power
measurements for this sample, or both. Their consistency however, serves as an
additional indication that no significant change in the total emittance properties of the

sample occurred. The more reliable € determinations obtained for Sample Al

TH
indicate that the € TH/E TN ratio for this oxidized alloy is close to unity. Both sets
of data indicate that there is little or no increase in total emittance with temperature

above 1145°K,

Results of the initial spectral emittance determinations for Samples Al and A2 are
shown in figures 51 and 52, respectively, along with the room temperature emittance

curve (inferred from N measurements) for comparison. The characteristics for

Table 25

TOTAL HEMISPHERICAL AND TOTAL NORMAL EMITTANCE VALUES FOR
OXIDIZED TD Ni Cr SAMPLES BEFORE AND AFTER EXPOSURE TEST CYCLES

Before Testing - After Testing
Sample No. o o

T4 CK) e/ TN T CK) - Con/f TN

Al ' 812 0.63/0.61 814 0.63/0.61
1145 0.71/0.71" 1147 0.70/0.71

1309 0.73/0.73 1313 0.73/0.74

1483 0.71/0.70 1485 0.72/0.72
A2 830 (0.76)/0.63 841 (0.79)/0.60
1144 (0.78)/0.71 1140 (0.80)/0.71
1300 (0.78)/0.72 1309 (0.80)/0.71
1473 (0.75)/0.69 1479 (0.77)/0.72

Note: €pg values for Sample A2 are less certain than for Sample Al because of
greater uncertainties in the applied power and sample temperature
determinations. ‘
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both samples are essentially the same and show very little change with temperature
between 810° K and 1480° K. Between room temperature and 810° K the locations of

the emittance peaks and valleys appear to shift so that €. values at 2.7 um, 4.85um

A
and 5.45 pm are higher, but at 3.4 ym and 7.95 ym the €, values are lower than
were indicated by the 300°K p; measurements. The average emittance for the

8-16 um band appears to increase with temperature up to 1145° K and then does not

change appreciable thereafter.

The spectral emittance characteristics of Sample Al after the five static-air test
cycles, and of Sample A2 after the five Mach 2.1 flow-test ¢cycles are shown in
figures 53 and 54, respectively, to illustrate the changes in € that occurred as a
result of these exposures. The principal change noted in figure 53 for Sample Al is
the shift of the e, minimum from 3.4 ym to 4.25 pm and the shift of the ¢ ) peak
from 4.25 um to 5.45 um. The change in position of these peaks and valleys appears
to be related to the thickness of the oxide layer and is probably due to additional
oxidation of the sample during the static-air exposures. In any case, the effect of the
changes in € A on the high temperature €N values appears to be negligible, as was
shown earlier by the results in Tables 24 and 25. Also shown in figure 53 are the
results of the initial and final room temperature €, determinations between A =
0.30 um and A = 1.8 um. The principal change noted in this spectral region was a

2 to 3 percent drop in € ) at wavelengths between 0.70 and 1.8 um.

Changes in the spectral emittance characteristics of Sample A2 are seen by comparing
the curves in figure 54 with the initial curves in figure 52. The effect of the five

Mach 2.1 flow-test exposures on this sample was to 'sinooth-out' all the original
peaks and valleys so that a somewhat higher average emittance is obtained at wave-
lengths shorter than 4 pm, and a lower average emittance is obtained between 4.5

and 7.0 pm. These changes are also presumed to be due primarily to further
oxidation of the sample; however, the observed change in color of{ the oxide suggests
that the composition of the surface oxide may also have changed. Aswith Sample Al,
the effect of the changes in € A for Sample A2 on the high temperature total emittance
values seem to be self-cancelling so that little or no change in either ¢ ™ °F €TH

was detected. The relative importance of € 5 to €N in the spectral region covered
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by the radiometer filters is shown in Table 26 for the four nominal temperatures that
these samples were tested at in vacuum.

Table 26

BLACKBODY ENERGY DISTRIBUTION IN THE SPECTRAL BANDS MEASURED
BY THE RADIOMETER AT FOUR TYPICAL TEST TEMPERATURES FOR THE
OXIDIZED TD Ni Cr SAMPLES

Temperature Percentage of Ep, Percentage of Ep Percentage of Eb
°K) at A < 1.45um at 1.45um = A < 8pum at A > 8um
810 0 77 23
1145 3 87 10
1310 5 87
1480 10 84

8.4 CB 129Y/ALLOY WITH VH101 COATING

Three separate samples of this coated alloy were tested in the static air, Mach 1.1
and 2.1 air-flow environments. The static air test cycles were made on Sample No.
E1l at temperatures up to 1680°K. The Mach 1.1 and 2.1 flow tests were conducted
on Samples E7 and E8, respectively, at temperatures up to 1648°K. Preliminary
tests in vacuum were made on 2all three samples to calorimetrically determine their
total hemispherical emittance at temperatures of approximately 870° K and 1080° K.
Similar tests were made on Samples E1 and E7 after the cycling tests were completed
to determine the changes in emittance as a result of the cycling tests. Total and
spectral emittance data were also obtained from these pre- and post-exposure tests
in vacuum. Higher test temperatures in vacuum were not attempted in order to avoid

changing the normal composition of the coating~-substrate interface.

The initial room-temperature spectral and total emittance characteristics of these
samples were inferred from room temperature reflectance measurements which were
made on 2.54-cm diameter witness-sample disks that were coated along with the strip
samples. With the exception of the infrared ) measurements, all these measure-
ments were repeated on the strip samples after their cyclic exposure tests to determine
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the changes in sample properties for each different flow-environment exposure.
Photographs of the test strip samples along with one untested strip were also taken to

show the changes in visual appearance that occurred as a result of the test exposures.

A description of each sample and of the instrumentation used to conduct the tests is

given in the following paragraphs before discussing the results.

8.4.1 Sample E1

This sample was 30.5-cm long by 2.56-cm wide by 0.114-cm thick, (after coating),
and thickness measurements made before and after the coating was applied indicated
the coating thickness to be between 2 and 3 mils. Two 0.318~-cm diameter holes were
drilled through each end of the strip to facilitate clampirig the sample to the power
electrodes of the test apparé.tus. Three small holes, approximately 0.064~cm
diameter by 0.254-cm deep, were also drilled into one edge of the strip, prior to
coating, to facilitate the attachment of thermocouples to the sample without exposing
any bare, unprotected substrate metal. These holes were located at the center of the
strip and 0.98-cm above and below the centerline hole.

For the initial tests in vacuum, the sample was instrumented as follows. Two Pt-6%/
Rh/Pt-30% Rh thermocouples, (3-mil bare wires with a spherical bead junction), were
embedded in the edge holes above and below the centerline hole and held in place by
wedging each junction in its hole with short lengths (approximately 0.25-cm) of 10-mil
diameter platinum wire. These thermocouple locations served to define the center
test area of the sample and the Pt-6% Rh lead wires served as voltage-drop measuring
leads for determining the applied power to the test section. The centerline hole of the
sample was instrumented with a.BLH Inc. Micro-Miniature Sheathed thermocouple,
(Pt/Pt-13% Rh inside a 0.035-cm diameter by 2.54~cm long Tantalum sheath), which
also was held in place by wedging with platinum wires. This latter thermocouple was
utilized as the control thermocouple to the temperature controller during the initial
tests in vacuum but open-circuited during the sample heating pha;;e of Cycle 1 at
approximately Tg = 1550°K. An examination of the thermocouple indicated that the

failure was due to rapid oxidation of the Tantalum sheath in combination with sample
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vibration which caused the tip (junction end) to shear off at the edge of the test strip.
By the time this failure occurred, which shut down the sample power and terminated
the test cycle, both of the adjacent thermocouples had also open-circuited due to one
or both leads falling off the sample. Therefore, neither of these techniques proved
useful for the high temperature cyclic tests.

For the tests in vacuum, although the instrumentation survived and provided adequate
temperature control and power-measurement data, reliable sample temperature
measurement was not obtained. For the 1080° K-test in vacuum, (determined by the
optical pyrometer method), the small platinum thermocouples were noted to read
from 13°K to 40° K lower than the pyrometer determined temperature at the edge of
the sample adjacent to the thermocouple, and the sheathed thermocouple reading was
on the order of 100°K lower. As a resulf of these observations at 1080° K, the
preceding 845°K test temperature was obtained by adding a 10° K estimated correction
to the highest thermocouple temperature reading.

After the first static air test cycle, the sample was removed from the test chamber
and a fixture was added to hold two spring-loaded thermocouples against the back,
center surface of the sample. These thermocouples were Pt/Pt-13% Rh fabricated
from 10-mil diameter bare wires with the beaded~junction located at the tip of a small
diameter, 7.6-cm long, two-hole alumina tube. The alumina tube passed through a
stainless steel spring-loaded holder which was located approximately 5-cm behind the
back surface of the sample. The thermocouples were first located with their junction
tips at the back surface of the sample by adjusting the assembly in the threaded holder,
then the spring loading was adjusted so that the junctions pressed firmly against the
sample surface and would "follow" deflections of the sample surface up to +0. 25-cm

in either direction.

After some preliminary testing to determine the thermocouple output for various
sample temperatures, a Data Trak temperature control card ﬁvasr nrepared to give the
proper temperature-time program cycle and this method was used to make a rerun of
Cycle #1 and for the remaining four static air test cycles. This method proved ade-
quate for these tests and was also used for the cyclic tests of samples E7 and ES8.
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Another problem which occurred during the static air tests of sample E1 involved an
electrical overload to the laboratory power supply (60 Amp, 220V) for the primary side
of the sample power transformer. This problem occurred twice during the first and
second test cycles while the sample was operating at 1645° K. To prevent reoccur-
rence, the power limit setting on the temperature controller was lowered, thereby
limiting the maximum power applied to the sample and as a result, the maximum
sample temperature attained for the last three test cycles was reduced to 1520°K.

After completing the five static air test cycles, the sample was removed from the
test chamber, re-instrumented with three new thermocouples, as originally described,

and re-installed for two post-test measurements in vacuum at 863° K and 1091° K,

8.4.2 Sample E7

This sample was 30.5-cm long by 1.28-cm wide by 0.118-cm thick (after coating) with
a narrowed test section at the center which was 1.02-cm wide by 1.801-cm long. A
single 0.318-cm diameter hole was drilled through each end to facilitate clamping the
strip to the power electrodes of the test apparatus. Three thermocouple holes, as
described for Sample E1, were located at the centerline of the test section and 1.3-cm
above and below the centerline hole. This arrangement placed the upper and lower
thermocouples about 0.32-cm above and below the narrowed test section; consequently,
a correction to the applied power measurements for this sample was required during
the tests in vacuum in order to determine the applied power to the test section alone.
This was done by multiplying the total applied power measurement by the ratio of the
test section area to the total area of the strip (including the notched out areas) between
the thermocouples. This empirical method resulted in ¢ TH determinations for these
narrow fest strips that were in good agreement with the values determined by the
conventional method for Sample E1.

Preliminary tests of this sample in vacuum were made at 868° K and 1076° K to deter-
mine the initial emittance characteristics of the sample. For these tests the sample

was instrumented with three Pt 6% Rh/Pt 30% Rh thermocouples (3-mil), as described
for Sample E1, and the two spring-loaded thermocouples were left in place to obtain a
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calibration of their output vs. sample temperature. For the test at 1076° K, the center
thermocouple temperature reading was observed to be about 28° K lower than the
optical pyrometer-determined temperature at the thermocouple location, presumably
due fo poor thermal contact between the thermocouple junction and the sample. On the
basis of this observation an estimated correction of +20° K was made to the thermo-
couple readings obtained during the preceeding test to obtain a TS value of 868° K for
that test.

Following the preliminary vacuum tests, the sample was exposed to five Mach 1.1 flow
test cycles at temperatures up fo 1645° K. The sample temperature for all five cycles
was controlled with a Data Trak Program Control Card in conjunction with the spring
loaded control thermocouple and temperature controller. No power overload problems
were experienced with this smaller sample. All of the sample thermocouples located
at the edge of the sample remained attached to this sample, however, due to the
convective cooling effects and to shorting of the lead wires, their temperatvre readings
were from 200 to 500° K lower than the optical pyrometer temperature determinations.
Consequently, all the sample test temperatures were determined by the pyrometer

method.

After completing the five Mach 1.1 test cycles, the test chamber was opened up to
straighten out the thermocouple leads, then pumped out and retested in vacuum at
797° K and 1091°K to determine the post test values of €TH .

those made in the preliminary vacuum tests for the thermocouple readings, but larger,

Corrections similar to
were required to match the pyrometer temperature.

8.4.3 Sample E8

This sample was similar to Sample E7, 30.5-cm long by 1.272-cm wide by 0.118-cm
thick (after coating). The narrowed test section at the center was 1.012-cm wide by
1.830-cm long. Preliminary tests in vacuum were made at 875° K and 1077°K to
determine the initial emittance characteristics of the sample. The sample was
instrumented in the same manner as described for Sample E7 and the same methods
were used to determine the applied power to the test section and to determine the

8-50

LOCKHEED PALO ALTO RESEARCH LABORATORY
LOCKHEED MISSILES & SPACE COMPANY, |INC.

.......... sima~rmary FfrABRBADRDATION



LMSC-D352380

average temperature of the test section. At 1077°K the thermocouple temperature
readings were approximately 15° K lower than the pyrometer determined temperatures
at the thermocouple locations, therefore an estimated correction of +10°K was made
to the thermocouple readings at the lower test temperature to obtain the TS value of
875° K.

Following the preliminary vacuum tests, the sample was subjected to five Mach 2.1
flow test cycles at temperatures up to 1648°K. The sample temperature for all five
cycles was programmed and confrolled in the same manner as for Sample E7. Sample
temperatures were considerably less stable than for the static air and Mach 1.1 flow
tests, consequently the temperature and radiometer readings were more variable and
subject to error. The reason for this '""noise" is attributed to more severe vibrations
of the sample and test chamber during these test conditions which in turn affected the
thermal contact betweé_n the back surface of the sample and the junction of the spring-

loaded temperature control thermocouple.
No post-exposure tests in vacuum were obtained for this sample because the original

edge-located thermocouples all separated from the sample and left the attachment

holes filled with a hard, glassy material that was difficult to remove.

8.4.4 Results

The visual appearance of all three Cb 129Y/VH101 samples changed considerably as a
result of their test exposures. These changes can be seen in the photograph of fhe
three samples along with an untested (Reference) sample strip which is shown in
figure 55. The initial appearance of the samples was the same as that of the reference
strip in the photo, a uniform dull, metallic gray color. The color of Sample E1 after
five static air test cycles changed from top to bottom to light brown, with some areas
lighter than others, particularly a narrow horizontal band located at the center of the
strip. The test-section area of Sample E7, after five Mach 1.1 flow test cycles, was
similar in appearance to the darker brown areas of Sample E1. Above and below the
test section, the appearance was mottled with some areas lighter in color and some
areas, particularly the upper third of the strip, a darker dull gray similar to the

original color. The test-section area of Sample E8, after five Mach 2.1 flow test
8-51
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Fig. 55 Visual Appearance of Cb129Y Samples with VH-101 Coating
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cycles was significantly lighter in color than either Sample E1 or E7. Above and be-
low the test area, the appearance was similar to that of Sample E7, i.e. mottled gray
and light brown areas. These changes in visual appearance correlate with the changes
in emittance that were observed to occur during the preliminary vacuum tests and the
first exposure test cycles. The color variations indicate that the color changes were
flow dependent; however, the emittance data discussed next indicates that the total

emittance values of the samples were not significantly different from one another.

Initial and final emittance values for the Cb 129Y/VH101 samples at approximately
870°K and 1080° K in vacuum are shown in Table 27 and the total normal emittance
values measured during each of the five test cycles for each sample are listed in
Table 28. As noted at the bottom of Table 27 €rH determinations for Samples E7
and E8 are not as reliable as for Sample E1 because of the temperature and power
approximations that were required for these samples. Since these approximations
were made in a consistent manner, however, the values are useful for indicating the
relative change in eTH for these samples. Except for the 870°K tests, the tempera-
tures listed in these two tables are the temperatures determined at the center of the
test sections by the pyrometer method either just before or just after (or botl), the

radiometer and/or power measurements were made.

The initial €N values in vacuum are seen in Table 27 to range between 0.46 and
0.55 at the nominal 860° K test temperature and between 0.80 and 0.86 at 1080° K.
The corresponding € TH values averaged 0,55 at the lower temperature and ranged
between 0.79 and 0.88 at the higher temperature. This data confirms the initially
low total emittance of the samples and shows that the total emittance of the samples
was rapidly increasing as these tests were being made. The total time involved in

making the vacuum tests was approximately 1 hour for each sample.

The post-exposure vacuum test results for Sample E1 and E7 indicate that the total
emittance values for these two samples were approximately the same, (discounting

the approximate € values for Sample E7). The ¢ value for Sample E7 at

TH TN
1091°K is about 5% higher than for Sample E1, but at the lower temperature both are

about the same. The results for Sample E1l indicate the total hemispherical emittance
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Table 27

TOTAL NORMAL AND TOTAL HEMISPHERICAL EMITTANCE VALUES FOR
Cb 129Y/VH101 SAMPLES BEFORE AND AFTER CYCLING TESTS

Before Testing After Testing

Sample No. o

TsCK /SN Ts CK) €rr/ ‘TN
E1 (Static 845 0.54/0.46 863 0.78/0.75
Air Tests) 1084 0.88/0.86 1091 0.72/0.72
E7 (ML.1 868 (0.57)/0.51 1091 (0.81)/0.76
Flow Tests) 1076 (0.82)/0.80 1169 (0.80)/0.76
E8 (M2.1 875 (0.57)/0.55 - -
Flow Tests) 1077 (0.79)/0.82 - -

Note: €TH values for Samples E7 and E8 (in parentheses) are based on average Tg
and applied power estimates for the narrowed test section area and are less
certain than the values obtained for Sample E1.

to be between 0 and 4 percent higher than the corresponding total normal emittance at
these temperatures.

Table 28 shows that after the first test cycle, € TN for each sample was essentially
independent of temperature between 1060° K and 1650° K and was constant for the last

four test cycles to within £3% of the average ¢ N value. The total normal emittance

values for Samples E7 and E8 indicate that thisTproperty was essentially the same for
these two samples and therefore was not significantly affected by the differences in
flow velocity. Total normal emittance values for Sample E1 during the last three static
air test cycles were from 10 to 15 percent lower than for Samples E7 and E8, but the
values obtained in the post-exposure vacuum tests were about the same as for Sample
E7. Whether the total emittance of this sample was really lower during these last
three test cycles, and then increased during the post-exposure vacuum test, was not
determined. The spectral emittance determinations discussed next, appear to con-
firm both the low € TN TN

values during the post-exposure vacuum tests. One possible expianation is that when

value at 1520° K during the last test cycle, and the higher €

the sample strip was re-mounted in the test chamber for the final vacuum tests, its
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Table 28

TOTAL NORMAL EMITTANCE VALUES FOR Cb 129Y/VH101 SAMPLES
BEFORE, DURING AND AFTER CYCLING TESTS

Sample E1 Sample E7 (M1.1 Sample E8 (M2.1
Cycle No. (Static Air Tests) Flow Tests) Flow Tests)
TCR) epy | TgCR ey | TCK) eqy
Preliminary Tests 845(1)  0.46 ges(  o.51 g75(1) 0,55
in Vacuum 1084 0.86 1076 0.80 1077 0.82
#1 — - - - - -
1221 0.85 1452 0.67 - -
1680 0.75 1645 0.67 1630 0.76
#2 1099 0.70 1228 0.73 1185 0.73
1381 0.65 - - 1467 0.69
1641 0.71 1627 0.70 1648 0.73
#3 1073 0.67 | 1217 0.72 1194 0.74
1335 0.66 1479 0.69 - 1459 0.71
1520 0.66 1612 0.74 1647 0.72
#4 1061 0.66 1196 0.74 - -
1327 0.65 1423 0.68 1465 0.69
1505 0.65 1642 0.73 1641 0.73
#5 1065 0.66 1160 0.75 1170 0.73
1355 0.63 1416 0.72 1463 0.69
1520 0.66 1613 0.75 1643 0.71
Post-Cyclic Tests 863(1)  0.75 - - - (2 -
in Vacuum 1091 0,72 1091 0.76 - -
- - 1169 0.76 - -
Notes:

(1) These temperatures were determined from thermocouple readings at the edges of
the sample strips and are less certain than the remaining Ty values which were
determined from optical pyrometer readings at the centers of the sample strips.

(2) No post-test data in vacuum obtained for Sample ES8.
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centerline may have been raised or lowered with respect to its original position so
that the radiometer was viewing the darker area on either side of the narrow light

colored band that formed at the center of this sample.

Vertical temperature gradients for Sample E1 were essentially negligible at all test
temperatures, and the horizontal (center-to-edge) gradients appeared to average about
5°K at Ts = 1090° K and about 20°K at TS = 1640°K. Most of this drop occurred in
the region immediately adjacent to the edge so that approximately 80% of the central
sample test area was uniform and equal fo TS . Therefore no corrections were made

to the temperature readings for this sample.

For the narrow test-section samples (E7 and E8), edge temperatures at the horizontal
centerline of the test section were from 4° K (at 1075° K) to 10° K (at 1640° K) cooler
than the center temperatures. The vertical gradients were much larger and variable,
and depended both on the sample temperature and on the test-flow conditions. At
temperatures of 1090°K in vacuum, the top and bottom temperaiures of the test section,
(measured along the vertical centerline) averaged 16° K lower than the center tempera-
ture. At the low, medium and high cyclic test temperatures for Sample E7, the
vertical gradient increased to approximately 40°K, 65°K and 75° K, respectively, and
for Sample E8 were approximately 25° K, 45°K and 60° K. These gradients were also
steepest in the region immediately adjacent to the upper and lower ends of the test
sections so that the center area viewed by the radiometer was essentially uniform and

equal to TS .

To determine the true temperature (TS) values for these samples from the optical
pyrometer brightness temperature (TB) readings, the initial room-temperature €
value at A = 0.65 um was used. For these samples this value was 0.70. In addition,
the transmittance of the glass window through which all the pyrometer readings were
made was taken as 0.92. Since post-test reflectance measurements of the samples

indicated that significant changes in ¢ at 0.65 um had occurred during the tests,

A
TS values were redetermined on the basis of the latter N values. These changes
are shown in Table 29 along with the changes in the other room temperature properties

of the samples. The property changes are assumed to have occurred during the initial
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Table 29

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF
Cb 129Y/VH101 SAMPLES

€, (Pyrom) | €py € €\
ag A=0.65pm|(DB-100) [ (0.3 pm < A=< 1.8pm)|(2pum < A=< 16 pum)
Initial | 0.68 0.70 0.37 See Figure 56 See Figure 56
Final
El {0.66 0.69 0.83 See Figure 56 Not Measured
E7 {0.72 0.74 - See Figure 56 Not Measured
E8 |0.63 0.61 - See Figure 56 Not Measured

vacuum and first exposure cycle tests, therefore the redetermined TS values were
used for the measurements made during and after the second test cycle for each

sample.

For Sample E1, the change in €5 at 0.65um was from 0.70 to 0.69. The effect of
this change on Ts ‘and on the total emittance determinations is negligible, therefore

no corrections were made. For Sample E7 at 0.65 um appeared to increase

s €
from 0.70 to 0.74. The effect of this change wgs to lower the original TS values by
4°K at 1200° K, by 6°K at 1430°K, and by 8°K at 1650° K. These temperature correc-
tions in turn resulted in changes for the total emittance of Sample E7 at +0.01, +0.015
and +0.02, respectively. For Sample E8, €, at0.65pum appeared to drop from

0.70 to 0.61, The effect of this change was to increase the original TS values by 9°K
at 1160° K, by 14°K at 1450° K, and by 17°K at 1640° K. These temperature changes
resulted in total emittance changes of -0.02, -0.025 and -0.03 respectively. All of

these changes have been incorporated into Tables 27 and 28.

Initial and final spectral emittance results for the three Cb 129Y/VH101 samples at
their nominal test temperatures of 870°K, 10905K and 1630°K (1520°K for Sample E1),
are shown in figures 56, 57, and 58. For comparison the room temperature emittance
characteristics of the samples before and after their exposure-test cycles are also

-shown on each figure. These room-temperature characteristics were determined
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from the pre- and post-test reflectance measurements. The elevated-temperature
data points were determined with the radiometer during the initial vacuum tests and
the first test cycles, and then again during the final test cyclés and post-exposure
vacuum tests. Post test reflectance measurements for the spectral region beyond

A = 1.8 um were not obtained. Measurements in the region 0.3uym < A < L.8um
show significant changes for each sample after testing,corresponding with the changes
in visual appearance.

Figure 56 shows that the initial €, characteristics for all three samples at 870°K

in vacuum were similar to each ot;l\ler and not greatly different from the initial room

temperature characteristics. The spread of the €\ values for the three samples is
attributed to the larger uncertainty in the TS determinations at this temperature and
to the fact that the €5

initial vacuum tests. Post test measurements at this temperature for Sampies E1

characteristics of the samples were rapidly changing during these

and E7 and show the final emittance characteristics of these two samples to be similar
to each other and the € values at wavelengths longer than 3 um to be significantly
higher than initially. The ¢ values indicated by these curves are in good agree-

TN

ment with the measured TN values at these temperatures both before ana after the

exposure test cycles.

Figure 57 shows the initial and final € determinations for these samples at approxi-
mately 1090°K in vacuum. The initial set of data at this temperature indicates that
the emittance of all three samples had already changed considerably from the "as-
received" emittance characteristics and, at this stage of testing, were higher in the
1.45um < A < 5pm region than the final emittance characteristics for this region.
These high spectral emittance values are consistent with the high €N measurements
that were obtained for these samples at this time. The final set of data, from
Samples E1 and E7, indicates that the spectral emittance at A < 5 pm dropped while
the emittance at A > 6 um continued to rise during the exposure-test cycles of these
samples. The net effect on the total emittance of the samples was a arop of between

5 to 15 percent.
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Figure 58 shows the initial and final ¢ A data for these samples during the first and
last test cycles at approximately 1630° K. The similarity of the two sets indicates
that the sample emittance values were essentially stabilized by the time this tempera-
ture was attained in the first test cycle, and that they did not change appreciably
during the subsequent test cycles except possibly for static-air tested sample (E1).
The final €5\ data for sample E1 was determined at 1520°K, i.e., about 100° K lower

than for Samples E7 and E8, consequently the lower ¢, values for Sample E1 may

A
be due to a real temperature dependency of ¢, rather than to a difference in the

A
sample emittance characteristics. This explanation tends to be supported by the
temperature dependency data which is presented in Figure 59.

Figure 59 shows the apparent temperature dependency of ¢, for Sample E7 after its

A

five Mach 1.1 flow-test cycles, and since the emittance characteristics of the other
two samples were similar, their temperature dependency is assumed to be similar
also. The figure shows that € generally increases with increasing temperature,
particularly between 1100° K and 1600° K. At the higher temperatures, emittance
bands appear to develop in the 1 to 5 um region and apparently shift towards shorter
waveiengths as the temperature increases. The net effect of these changes in spectral
characteristics is to maintain €N at approximately a constant value of 0.75 over the
temperature range from 800° K to 1600° K.,

The relative importance of the spectral range covered by the radiometer data in these
figures to the total emittance of the samples at four typical test temperatures is sum-
marized in Table 30. This table shows the percentages of total energy radiated by a
black body at each temperature in the spectral regien below A = 1.45pum; between

A = 1.45pum and A = 8 um, the region covered by the eight narrow-band radiometer
filters; and beyond A = 8 um, the region covered by the 8 to 16 um broadband filter.
The table shows that even through €5 values approaching 1.0 were obtained for these
samples with the 7.95 um narrow-band filter and with the 8 to 16 um broad-band filter,
the influence of high emittance in this spectral region on thé high terﬁperature total
emittance of the samples is relatively small. At 870°K, less than 20% of the total
black body energy is radiated at these wavelengths, and at 1640° K less than 5% of the
total energy is radiated at wavelengths longer than 8 pm.
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Table 30

SUMMARY OF BLACKBODY ENERGY DISTRIBUTION IN THE SPECTRAL BANDS
MEASURED BY THE RADIOMETER AT TYPICAL TEST TEMPERATURES
FOR THE Cb 129Y/VH101 SAMPLES

Temperature Percentage of Ep Percentage of Ep, Percentage of Ep,
K at A < 1.45um at 1.45um < A < 8um at A > 8um
870 0.3 80.6 19.1
1090 1.8 86.4 11.8
1460 8.6 85.5 5.9
1640 13.6 82.0 4.4

8.5 CB 752 ALLOY WITH R512E COATING

Static air and air-flow exposure tests were conducted on three separate samples of
this coated alloy. The static air test cycles were conducted on Sample No. B3 at
temperatures up to 1600° K, and the Mach 1.1 and 2.1 flow tests were conducted on
Samples B8 and B7, respectively, at temperatures up to 1650° K. Before the cycling
tests, preliminary steady-state temperature tests in vacuum were made on Samples
B3 and B7 to calorimetrically determine the total hemispherical emittance of these
samples at 875° K and 1080° K. Similar tests were made on Samples B3 and B8 after

the cycling tests were completed fo indicate the changes in € at these two tempera-

TH
tures as a result of the cycling tests.

The initial room temperature spectral and total emittance characteristics of these
samples were inferred from room temperature reflectance measurements made on
2.54-cm diameter witness-~disk samples that were coated along with the strip samples.
Some of these room~temperature reflectance measurements were also made on the
strip samples after the cycling tests to verify the changes that were observed to occur.
Photographs of the tested strip samples along with one untested strip were also taken
to show the changes in visual appearance that occurred as a result of the test

exposures.
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A description of each sample and of the instrumentation used to conduct the tests is

given in the following paragraphs before discussing the results.

8.5.1 Sample B3

This sample was 30.5-cm long by 2.757-cm wide by 0.117-cm thick (after coating),
and thickness measurements made before and after coating indicated that the coating
thickness was approximately 0.0064-cm. For the initial tests in vacuum, the sample
was instrumented with three Pt 6% Rh/Pt 30% Rh, (3-mil wire), thermocouples which
were embedded in three 0.064~cm diameter holes, approximately 0.25-cm deep, that
were drilled into the edge of the strip prior to coating. The holes were located at the
center of the strip and 1-cm above and below the centerline hole. The thermocouples
were held in place by wedging each junction into its hole with a small bead of platinum,
taking care to insure that the lead wires were not shorted together outside the hole.
This method of instrumentation proved sufficient for obtaining the initial temperature
and power measurements neede;i for the €TH determinations in vacuum at tempera-
ture up to 1100° K; however, the leads fell off the sample during the first and second
static air test cycles, presumably because of reactions with the silica-iype coating at
temperatures above 1400° K.,

For the first static air test cycle, an attempt was made to control the temperature of
the sample using a Data Trak Control Card in conjunction with the temperature con-
troller and a Pt/Pt-13% Rh spring-loaded thermocouple which pressed against the back
center surface of the sample. Although this method worked satisfactorily for some

of the other samples, erratic control was obtained for this sample, apparently
because of test chamber vibrations and varying contact pressure between the thermo-
couple junction and the sample. Consequently, sample temperatures during the final
four test cycles were controlled manually by varying the sample power to obtain
approximately the same heating and cooling rates and steady-state temperatures as

would have been obtained using the Data-Trak Program Card.

The maximum temperatures obtained during the five static-air cycles were between
1563° K and 1599° K. These temperatures were from 45° K to 80° K lower than the
desired 1644° K for these tests because higher sample power levels could not be
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obtained without overloading the laboratory's primary power supply to the power
transformer for the test apparatus.

After completing the five static air test cycles, the sample was removed from the test
chamber, re-instrumented with three new thermocouples, and then re-installed for
post-test measurements in vacuum.

8.5.2 Sample B8

This sample was 30.5-cm long by 1.283-cm wide by 0.117-cm thick (after coating)
with a narrowed test-section area at the center which was 0.990-cm wide by 1.810-cm
long. Preliminary tests in vacuum were not performed on this sample and no
instrumentation was attached to it until after the five Mach 1.1 flow-test cycles had

been completed.

Sample temperatures during the five flow-test cycles were controlled manually, as
described for Sample B3, using optical pyrometer readings of brightness tempera-
ture to indicate the true sample test temperatures. Subsequent analysis of this data
indicated that the sample temperatures obtained were generally within 10° K of the
1089° K, 1366°K and 1644° K temperature levels desired for these tests.

After completing the five Mach 1.1 flow tests, the sample was removed from the test
chamber and was instrumented with three Pt 6% Rh/Pt 30% Rh thermocouples in the
same manner as described for Sample B3. The thermocouple hole locations for this
sample were at the centerline and 1.27-cm above and below the centerline hole, which
placed the upper and lower thermocouples about 0.32-cm above and below the narrowed

- were then made in

test section area. Post-test measurements to determine GTH

vacuum at 883°K and 1114°K.

8.5.3 Sample B7

This sample was similar to Sample B8, 30.5-cm long by 1.315-cm wide by 0.117-cm
thick. The narrowed test section at the center of the strip was 1.843~cm long and

1.050-cm wide. Preliminary tests in vacuum were made at temperatures of 874°K
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and 1086° K to indicate the initial emittance characteristics of the sample. For these
tests, the sample was instrumented with three thermocouples in the same manner as
described for Samples B3 and B8. The thermocouple hole locations were the same as

for Sample B8, i.e., 1.27-cm above and below the centerline hole.

After the initial vacuum tests, five Mach 2.1 flow tests were performed with the
sample temperatures controlled manually, as for Samples B3 and B8. Optical
pyrometer readings were used to indicate the sample temperatures during each test
cycle, and analysis of this data indicated that the temperatures obtained were
generally within +10°K of the desired 1089° K, 1366° K, and 1644° K levels desired for
these tests. The three thermocouples originally attached to the sample all fell off
early in the first flow-test cycle. No post-test measurements in vacuum were made
on this sample because its properties appeared to be similar to those for Samples B3
and B8 and the thermocouple holes were difficult to reopen after the original thermo-
couple leads fell off. An examination of these holes under a low-power microscope
showed them to be partially filled with a hard glassy material which indicates that this
particular coating material was highly reactive with platinum thermocouple leads at

elevated temperatures.

8.5.4 Results

The visual appearance of all the Cb 754/R512E samples changed noticeably as a result
of the test exposures. A photograph of the samples along with an as-received,
(Reference), sample is shown in figure 60. The initial color of the untested surface
was uniformly light metallic gray. Sample B3 after five static air test cycles was
uniformly darker gray. Sample B8 after five Mach 1.1 flow test cycles was a darker
brownish~gray above and below the central test area, but the test area was a light
yellow-brown color. Sample B7, after five Mach 2.1 flow test cycles was similar in
appearance fo Sample B8 although the areas above and below the test area were not as
dark as for BS.

Most of these changes in appearance were observed after the first test cycle and cor-
relate with the changes in emittance that were observed to occur during the preliminary

vacuum tests and the first exposure test cycle.
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Fig., 60 Visual Appearance of Cb752 Samples with R512E Coating
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Initial and final emittance values obtained for these samples at approximately 880° K
and 1080° K in vacuum are shown in Table 31 and total normal emittance values
measured during each of the five flow test cycles are listed in Table 32. As noted at
the bottom of Table 31, €TH values for the two flow-test samples are not as reliable
as for the static-air tested sample (B3) because the applied power to the narrowed
test section and the average temperature of the test section has to be estimated from
the actual power and temperature distribution measurements. The temperatures
listed in these two tables are those determined for the center of the test~section area
viewed by the radiometer.

Initial €TN values measured at 874° K and 1080° K in vacuum averaged 0.44 and 0.61,
respectively, and the corresponding TH values averaged 0.48 and 0.61. The varia-
tions observed can be attributed to the fact that the emittance properties of all three
samples were changing rapidly during the initial vacuum tests and the first exposure
test cycles. After these initial oxidizing exposures, little change in the emittance
properties was noted and the variations that were measured can reasonably be attri-
buted to sample temperature and radiometer measurement errors. The final €N

Table 31

TOTAL NORMAL AND TOTAL HEMISPHERICAL EMITTANCE VALUES FOR
Cb 752/R512E SAMPLES BEFORE AND AFTER CYCLING TESTS

Before Testing After Testing

Sample No. T T /

s (K ‘TH TN sCK ‘TH/ € TN
B3 (Static 873 0.48/0.46 : 880 0.81/0.78
Air Tests) 1074 0.62/0.63 1073 0.79/0.76
B8 (M1.1 - - 883 (0.86)/0.77
Flow Tests) - _ 1114 (0.81)/0.79
B7 (M2.1 874 (0.48)/0.41 - -
Flow Tests) 1086 (0.59)/0.59 - \ -

Note: ¢ T values for Samples B7 and B8 (in parenthesis), are based on average Tg
aum;I applied power estimates for the narrowed test section area and are less
certain than the values obtained for Sample B3.
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Table 32

TOTAL NORMAL EMITTANCE VALUES FOR Cb 752/R512E SAMPLES
BEFORE, DURING AND AFTER CYCLING TESTS

LMSC-D352380

Sample B3 Sample B8 (M1.1 Sample B7 (M2.1

(Static Air Tests) Flow Tests) Flow Tests)

CYC].G NO. 0 0

TSCR ey | TgOR ey | ToCK) eqy
Preliminary Tests 873D 0.46 -® - g74(l)  o0.41
in Vacuum 1074 0.63 - - 1086 0.59
#1 1113 0.84 1062 0.78 1086 0.78
1269 0.81 1378 0.82 1380 0.83
- (2 - 1655 0.74 1644 0.77
#2 1113 0.87 1112 0.78 1102 0.82
1358 0.85 1369 0.76 1388 0.79
1563 0.84 1634 0.78 1637 0.85
#3 1102 0.82 1085 0.78 1090 0.82
1363 0.81 1366 0.77 1385 0.81
1579 0.83 1630 0.9 1637 0.85
#4 1094 0.82 1079 0.76 1102 0.81
1397 0.79 1375 0.75 1365 0.81
1599 0.83 1626 0.78 1637 0.86
#5 1113 0.86 1096 0.77 1102 0.80
1403 0.82 1374 0.75 1370 0.79
1580 0.83 1626 0.77 1637 0.85

Post-Cyclic Tests gso(d  0.78 883(1) 0.77 - @ -

in Vacuum 1073 0.76 1114 0.79 - -

Notes:
(1) These temperatures were determined from thermocouple readings at the edges of

the sample strips and are less certain than the remaining Tg values which were
determined from optical pyrometer readings at the centers of the sample strips.

(2)
3
(4)
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values for these samples averaged 0.78 at 880°K and 1100°K and the corresponding
€y 2verages were 0. 83 and 0. 80.

The TN values listed in Table 32 indicate that the emittance of all three samples
remained stable after the first cyclic tests. The variations observed for each sample
at the three temperatures monitored during the tests were not more than +3% from

the average values for the last four cycles. The €TN values determined at 1100° K
for Sample B3 during the last four static air test cycles appear to average about 5%
higher than the value determined at that temperature during the final vacuum test.
This may be due to temperature measurement error since optical pyrometer readings
of these sample brightness temperatures were more difficult to determine than at the
higher temperatures. Another possible source of error in the cyclic test data was the
presence of small temperature gradients from the bottom of the sample test area to
the top, due to convection., These gradients were not detectable when the sample was
tested in vacuum, Temperature gradients from the hot center of the sample strip to
the cooler edges averaged about 8°K at 1100°K, for both the vacuum and the static-air
cycle tests. At 1370°K the center-to-edge gradient was about 20°K; and at 1580°K the
gradient was about 28°K, In each case most of the edge loss appeared to occur in a
region very close to the edge and should not have an appreciable effect on the radiom-~
eter readings at the center. No attempt was made to correct the center readings of
Ts for the radiometer emittance determinations. For the calorimetric determinations

of ¢ in vacuum, a correction of -3°K was made to TS at 1100°K to obtain the aver-

TH
age temperature of the test section area.

For the narrower flow-test samples, the center-to—-edge gradients were about 50%
less than for Sample B3, but the vertical gradients from the top and bottom of the test
section fo the hot center area were much larger and increased as each test cycle
progressed to higher total pressures on the sample. For the Mach 1.1 Flow test
sample (B8) these temperature differences averaged 25°K, 55°K and 70°K at the
nominal test temperatures of 1100° K, 1375°K and 1630°K. For the Mach 2.1 Flow
test sample (B7), the temperatures differences were slightly less, i.e. 20°K, 40°K
and 60° K, at the same test temperatures. Each of these gradients varied up to

+10° K from the values above depending upon the particular flow conditions obtained.
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Except for the 880°K tests in vacuum, all of the sample Ts values were determined
from optical pyrometer brightness temperature readings. To convert brightness
temperatures to true temperatures, the initial room-temperature 67\ value at 0.65 um
determined from the reflectance measurements was used. For these samples, this
value was 0.69. In addition, a ™ factor of 0.92 was used for the transmittance of the

pyrex window through which all the pyrometer readings were made.

Post-test reflectance measurements -indicated that € at 0.65 pm increased signifi-
cantly for each sample during the air-exposure tests. These changes in €5 along with
the observed changes in solar absorptance (as) and room -temperature emittance are
shown in Table 33. Most of these property changes are assumed to have occurred by
the end of the first cyclic exposure test for each sample, corresponding to the ob-
served changes in visual appearance, therefore Ts values after the first test cycle

were redetermined using the post-test ¢, values. For Samples B3 and B7 the effect

of the change was to lower TS by the fol%owing amounts; -6°K at 1100°K; -9°K at
1370°K and -11°K at 1600°K, For Sample B8 the corresponding changes amounted to
-7°K, -11°K and -16°K respectively. The effect of these temperature corrections on
the €PN and €TH determinations for these samples was an increase of 0.01 at 1100°K,
0.02 at 1370°K and 0,03 to 0,04 at 1600°K. These changes have been incorporated

into Tables 31 and 32 and serve to indicate the uncertainties in TS » €y that exist due

to these apparent changes in €, at the pyrometer measurement wavelength,

Table 33

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF
Cb752/R512E SAMPLES

4. | &@yrom) | Ern “A A
s |A20.65um | (DB-100) | (0.3 pm < A < 1.8pm)|(2pm < A <16 pm)

Initial | 0.67 0.69 0.36 See Figure 61 .See Figure 61
Final

B3 0.75 0.76 0.83 See Figure 61 Not Measured

B8 0.75 0.78 - See Figure 61 Not Measured

B7 0.76 0.76 - See Figure 61 Not Measured

8-72

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFY CORPORATION



LMSC-D352380

Initial and final spectral _emittance results for the three Cb 752/R512E samples at
their nominal test temperatures of 875° K, 1110°K, 1370°K and 1630°K are shown in
figures 61, 62, 63, and 64. For comparison the room temperature emittance
characteristics of the samples before and after testing are also shown. The latter
curves were determined from pre- and post-test reflectance measurements of the
samples. The elevated temperature data points were determined with the radiometer
during the initial vacuum and cycling tests, along with the € TN determinations listed
in Table 32, and then again during the final test cycles and post-exposure vacuum
tests. Since the characteristics of all three samples were similar at each tempera-
ture, the results are combined on one figure where the data point symbols indicate
the spread in results at each wavelength, and the curves indicate the average
characteristics for the samples.

Figure 61 shows that the initial test data for samples B3 and B7 at 875° K (in vacuum)
agreed closely to the initial room temperature reflectance data for these samples.
The data for Sample B7 is on the order of 15 percent lower than the data fcr Sample
B3, which corresponds with the initial €N differences for these samples. These
differences are attributed primarily to the rapid change in the emittance cf these
samples during these initial tests.

The post~test data at this temperature for Samples B3 and B8 show that the final
emittance of both samples is essentially the same and in both cases significantly
higher than the initial data at all wavelengths except for the 1.45 um measurements.
Changes in the room temperature spectral reflectance characteristics of the samples
are shown by the curves labeled (2) and (3) for the wavelength region 0.3pm < A <
1.8 pym.

The data in Figure 62 are for the same samples at the 1100° K test temperature in
vacuum. The initial €\ values at this temperature show a greater deviation from
the room temperature values than those at 875° K, but they dre still much lower than
the final measurement values, Both the initial and final sets of data show the spread
of €y values at each wavelength to be small, indicating that the changes in sample

emittance characteristics were similar for all samples.
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Figure 63 shows data that were obtained at 1370° K during the initial and final test
cycles for these samples.‘ The initial set of data indicates that most of the changes in
emittance properties that were observed at the end of these tests had already occurred
by the time this test temperature was first attained in the first cycle. The initial set
of ¢ A values appear to be too high but have the same relative value to one another as
in the final set. The most probable reason for these high e)\ determinations is that
the temperature of the samples increased during the time that the radiometer
measurements were being made., Sample temperatures during the first test cycle of
these samples, when the emittance properties were rapidly changing, tended to drift

more than during the later test cycles.

Figure 64 shows data that were obtained at approximately 1630° K during the initial
and final test cycles for these samples. Both sets of data are essentially the same,
indicating that the emittance characteristics of these samples remained stable after

this temperature was achieved. The spread in the €, data at this temperature is

A
about the same as at the lower temperatures except at the 1.45 ym and 2.2 pm wave-
lengths where it appears to increase to about 10 percent of the average value. At

these wavelengths the high ¢ A values were obtained for Sample B7 and the low €
TN data in Table 32

and is the only evidence obtained to indicate a possible dependence of emittance on the

values for Sample B8. This relationship correlates with the €

different flow-test conditions. Even if true, the dependence is small and the major
change in the emittance properties of these samples appear related to the temperature/

pressure parameters of the test cycles rather than the flow~velocity parameter.

A summary of the final emittance characteristics of these samples after their five
A be-
tween 880°K and 1630°K. At temperatures above 1100°K, €y values generally in-

test cycles is presented in Figure 65 to show the temperature dependency of ¢

crease with temperature, the largest rise occurring in the vicinity of the 4.25 ym
emittance band. Between 1 and 3 pm, emittance bands appear to develop, become
more accentuated, and shift towards shorter wavelengths» as the temperature increases.
Although these changes in €, appear to be significant, the net effect on the total
emittance of the samples is small. Average €N values for the three samples at

these temperatures are tabulated on the figure and show a rise from 0.78 at 880°K to
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0.82 at 1630°K. These measured averages are consistent with the spectral curves
which, by the integration method, give €N values that are about 2 percent higher
than the measured values.

Concerning the broad~band measurements between 8 and 16 um, it should be noted
that at these temperatures only a small percentage of the total radiation emitted by
these samples will be radiated in this band even though the measured emittance values
for the band approach 1. For a blackbody at these temperatures the percentages of
total energy radiated at wavelengths longer than 8 ym are: 19‘percent at 880°K,

11.5 percent at 1100° K, 6.6 percent at 1370°K and 4.4 percent at 1630°K.

8.6 RSI COATINGS

The samples described in this section are thin, ceramic-like coatings which provide
high temperature (to 1650° K), high~emittance surfaces for two types of RSI (Reuseable
Surface Insulation) materials that have been developed for the Space Shuttie thermal
protection system. The first coating, designated as LMSC/OO42, is a grey-colored,
coating developed by Lockheed Missiles and Space Company, Inc. for use with their
LI-1500 and LI-900 types of insulation. The second coating type, designated as
MDAC/HCF coating, is a black-colored coating developed by McDonnell-Douglas Air-
craft Corp. for use with their HCF type of insulation.

Both coatings are electrical non-conductors with low thermal conductivities which
makes their thermal radiation properties difficult to determine by any of the standard
test methods, particularly during dynamic exposure conditions. Three different back-
face heating techniques were investigated for both types of coatings, and none proved
to be entirely satisfactory. The most satisfactory results, in terms of test specimen
temperature uniformity, were obtained using a wedge-shaped platinum-cavity heater
with the samples mounted in front of the cavity. These Eest methods and the problems

associated with each are described in Section 8. 6. 2.

The maximum sample temperatures attained during tests of these materials ranged
between 1375°K and 1430° K, which is approximately 200° K short of the original test
plan goal. The absolute accuracy of the high-temperature emittance determinations
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for these samples is less certain than for the oxidized and coated metal samples
because of greater uncertainties in the temperature determinations and possible
sample transparency. The repeatability of the results, however, serves to indicate
that the properties of both coatings remained stable throughout each set of exposure
cycles. Calorimetric determinations of total hemispherical emittance were not
possible by the methods used for these tests.

8.6.1 Sample Preparation

Samples of each coating were supplied in the form of 1,3~cm wide strips, from 15

to 30-cm long, with the coatings bonded to their respective substrate insulation
materials for a total thickness of approximately 0.4~-cm. Since both materials have
low thermal conductivity, as much of the substrate insulation as possible was removed
in order to minimize temperature gradients through the samples during their exposure
tests. This was accomplished by lightly sanding the back surface of the strips to re-
move the relatively soft insulation material until the hard bond-line between the
coating and substrate was reached. This left the final thickness of the samples at
between 0.037 and 0.050 cm for the LMSC/0042 coating, and between 9.062 and 0.075
cm for the MDAC/HCF coating. These thin strips were then broken and trimmed into
various lengths, usually 1, 3-cm square samples, for mounting to the various backface-

heater strips used for the sample heating investigations.

Room-~temperature reflectance measurements for the region 0.3 pm < A< 1.8 um
were obtained for two of the 'as received,' (before sanding), sample strips of each
coating. The results showed the reflectance of both samples to be the same to within
+0.005 units for each coating, and were assumed to be representative for all the
samples of each coating. For measurements in the region 2 pm < A < 25pum, one
of the thin sample squares of each coating was fastened to a thin, 2.54~cm diameter
coppef disk with a conducting epoxy cement for measurements with the:: heated-cavity
reflectometer. The results of these measurements are presented latei' for com-
parison with the high-temperature spectral emiftance results. Total-normal IR
reflectance measurements with the DB-100 reflectometer were not made because the

as-received strips were too narrow to fully cover the measurement port for this
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instrument, but room-temperature values for €N Were obtained by integration of

the spectral measurement data.

8.6.2 Sample Heating Method Investigations

The initial plan for heating the RSI coating samples during their cyclic exposure tests
was to tie each sample snugly to the front face of a platinum strip heater, and to con-
trol the temperature of the heater strip at sufficiently high levels to maintain the
sample temperature at the desired test levels, i.e. 1150°K, 1480°K and 1650° K
during each exposure test cycle. Sample temperatures were to be determined by the
optical pyrometer method since thermocouple readings would not be reliable for low-
conductivity materials such as these and the attachment of thermocouples to the
sample surfaces would be difficult.

Initial trials of this method were made in vacuum using a platinum-rhodium alloy
heater strip that was 25-cm long by 1.90-cm wide by 0. 078-cm thick with five
platinum-rhodium thermocouples spot welded to the backface area of the strip behind
the sample. A thin rectangular sample of the MDAC/HCY¥ coating, L.3-cm wide by
2.6-cm long, was tied to the front face of the strip using two wraps of 0.025-cm
diameter wire (platinum~-rhodium) at the top and bottom of the sample. During the
first heating cycle the maximum sample temperature attained was approximately
1225° K with the heater strip operating at a safe (strengthwise) maximum temperature
of 1750°K. At this power level the temperature of the center 5-cm length of the
heater strip appeared to be uniform to within 15° K, but the surface temperature of the
sample appeared to vary by as much as 50° K over small distances (~0.5~cm) that
would be difficult to resolve with the radiometer.

Additional trials of this method were made with the sample cemented to the heater
strip with a high temperature refractory cement, in hopes of obtaining a better
thermal coupling between the sample and heater and thereby attaining higher and more
uniform sample temperatures. Uniform bonding of samples to the heater was not
achieved, however, and although slightly higher sample-~to-heater temperature ratios

were obtained, the surface temperatures appeared to be even more variable than before.
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Tests similar to those above were made next using a tantalum heater strip, (25-cm
long by 1.3-cm wide by 0.10-cm thick), with a sample of the LMSC/0042 coating tied
to the front surface of the heater with 0.012-cm diameter tantalum wire, and no
cement. By operating the tantalum heater at about 1950° K in vacuum, sample sur-
face temperatures near the desired maximum of 1650° K were obtained in 'hot-spot'
areas on the sample, but adjacent sample areas were as much as 250° K cooler and
reliable emittance determinations were not possible. Similar tests were also made
with one of the MDAC/HCF-coating samples with the results being that slightly more
uniform appearing surface temperatures were obtained (about 100° K variations), but
the maximum sample temperature attained was about 250° K lower, i.e. about 1420°K
with the tantalum heater strip temperature at 2000°K.

Investigations of the flat-strip heating method were dropped at this time because of
the following problems:

o The maximum attainable sample temperatures were too low using platinum.
Suitably high temperatures could probably be obtained using a tantalum
heater, but refractory-metal heaters at 2000° K would not be suitable for
the air exposure tests.

e Surface temperature gradients that would seriously compromise the
accuracy of any emittance determination occurred with both heaters.
Attempts to reduce these gradients by cementing the coating samples to the

heater face were not successful.

° 'Hot-spot' locations on the sample changed from time to time, particularly
when the heater temperature was changed. This was apparently caused by
slight changes in flexure at the center of the heater strip that were not
eliminated by the electrode tension setting. In some cases, particularly
when the heater power was reduced, these changes in ﬂexu}'e caused the

coating samples to crack into two or more separate pieces.

The final heating method investigated, and the one that was used for the tests reported
in this Section, involved the use of a wedge~shaped heater with a high-emittance cavity
at the front face to radiantly heat the thin sample squares. A sketch of this heater
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assembly is shown in figure 66. The wedge was formed from a platinum-rhodium
alloy strip which was rolléd with initial dimensions of 19-cm length by 7-cm width by
0.032-cm thickness. The wedge was shaped to have a 1.5-cm wide front face and
2.5-cm wide sidewalls with a 0.3~-cm wide overlapping seam at the rear to hold the
wedge closed. The ends were crushed flat to facilitate clamping the heater to the
power-electrode assemblies of the test chamber, and this reduced the overall length
of the heater to approximately 18 cm, with 3.5~cm wide, flat ends. A 1.1 cm
square cavity was cut out of the center of the front face of the wedge, with small tabs
at the edges to support the backface of the sample squares. A small sample-support
tab was spot welded to the front face just below the cavity, and a single loop of
0.0076-cm platinum wire was wrapped around the wedge to fit over the top, front
face of the sample and loosely hold it against the front face of the cavity. The 1.3-cm
sample squares were large enough to cover the entire area of the cavity, but were
usually offset slightly so that a small portion of the upper right-hand corner of the
cavity could be viewed with the optical pyrometer. Heater temperatures were also
measured with small Pt 6% Rh/Pt 30% Rh thermocouples which were spotwelded at
various locations on one sidewall of the wedge. '

With this heater, sample temperatures up to about 1430° K were obtained in vacuum
and during the static-air exposure cycles by operating the heater at temperatures up
to 1800° K. Temperatures around the center area of the sample viewed by the
radiometer appeared to be uniform to within 10°K (at TS = 1430°K), although the top,
bottom and sides of the sample were as much as 30°K higher or lower, depending on

the sample position and test conditions.

Temperature readings at the center of the sidewall were taken as best indications of
the effective cavity temperature since most of the radiation impinging on the backface
of the sample originates from this region of the wedge. Temperature gradients from
the center to the front and back edges of the sidewalls were small except in the region
immediately adjacent to the cooler edges. Vertically the gradients were such that
temperatures along the vertical centerline of the sidewall dropped about 40°K at
points 2. 5-cm above and below the center point.
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Fig. 66 Sketch of Wedge-Shaped Heater Cavity Used for RSI Coating Sample Tests
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Absolute heater temperatures were determined either from thermocouple readings or,
in most cases, from optical pyrometer readings using a value of € = 0.42 at

A = 0.65 um for the emittance of the platinum~-rhodium heater surface. This surface
emittance value was determined by comparing thermocouple and pyrometer tempera-
ture readings which were obtained at the same time and location for several cases,
and appeared to be reliable to within +0.04 units at temperatures between 1300° K

and 1800°K. By comparing absolute temperature values for the cavity (i.e., the
center sidewall temperatures), with optical pyrometer brightness temperature
readings of the cavity itself, cavity emittance values at A = 0.65 pm were deter-
mined to be 0.70 £0.05 with no sample in front of the cavity, and 0.82 +0.03 with
samples blocking off all but the upper right-hand corner of the cavity. This latter
value is needed for sample temperature determinations in cases where the sample is
partially transparent at the optical pyrometer wavelength, a problem that is dis-

cussed next.

8.6.3 Sample Temperature Determinations

As mentioned earlier, sample temperatures for all the RSI-coating samples were
determined solely from optical pyrometer readings of the sample brightness
temperature. The accuracy of the absolute temperatures determined by this method
depends primarily on the accuracy of the € value used for the sample at the
pyrometer wavelength (0.65 pm), and assumes that all the radiation observed through
the pyrometer is emitted from the sample surface, i.e., does not include any
reflected or transmitted radiation from other nearby, high-temperature sources. The
values used for N at 0.65 ym for these two coating materials were those determined
from the room-temperature reflectance measurements and, in the absence of any
independently determined temperature data, the values were assumed to remain con-
stant at temperatures between 300° K and the maximum températures attained in these
tests. This assumption is somewhat risky for both coating materizls because of their
non-grey spectral emittance characteristics in the region around 0.65 pm; but since
both values are relatively high (0.78 for the LMSC/0042 coating and 0.96 for the
MDAC/HCF coating), a change of 5 or 10 percent would not cause a serious tempera-

ture determination error.

8-86

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

Of greater concern is the fact that during all of the preliminary sample heating trials,
considerable difficulty was experienced in matching the pyrometer filament color to
that of the sample surfaces. Although steady-state readings were generally repeat-
able to within +5°K, the uncertainty range of the color match was on the order of
+20° K and the problem seemed to be due to a certain amount of sample translucency
or transmisgsion of radiation from the hotter substrate heater. To check this pos-
sibility, room-temperature spectral transmittance measurements in the region
between 0.4 and 2.5 um were made on samples of each coating using a Gier-Dunkle
Model SP210 Integrating Sphere with a transmittance measuring attachment, This
instrument measures the spectral hemispherical transmittance, i.e., the sum of the
normally transmitted and forward scattered components of incident radiation, of

samples for normally directed incident beams of monochromatic radiation,

Measurements of several of the LMSC/0042 coating samples indicated transmittance
values on the order of 1.0 to 1.7 percent at 0.65 um. Measurements of the MDAC/
HCF coating sample indicated no transmittance at 0.65 ym. Since no information was
available concerning the temperature dependency of spectral transmittance for either
material, it was assumed that the room-temperature properties also applied at the
higher test temperatures; consequently the optical pyrometer temperature measure-
ments for the LMSC/0042 coating samples may be in error but measurements for the
MDAC/HCF coating samples should be unaffected.

To evaluate the effect of sample transmittance on the optical pyrometer temperature
determinations for samples under the test conditions used in this study, the following
analysis was made to derive a modified pyrometer equation whick relates the true

sample temperature to the pyrometer brightness temperature reading.

(1) Let N, (Tp) be the radiance at 0.65pum of the pyrometer filament which is
calibrated to be equal to the radiance of a blackbody at the indicated
temperature, TB . Then

C
) = lxr
B c
Ao 2 B

N, (T
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where ¢ 1 and c, are the first and second radiation constants. (Note:
Wien's law is applicable since )T is less than 3 cm-°K).

(2) Let N}\(TT) be the radiance of the sample at 0.65 pm that reaches the
pyrometer, when the sample surface is at some unknown temperature TT ,
has a known emittance at 0.65 um of € and is observed through a test-

chamber window with a transmittance at 0.65 ym of Ty Then:

1
N, (T.,) =
A Tr) 2Be €2/ ATy (es Tw)

(3) Let N, (T c) be the radiance of the heater-cavity at 0.65 um that reaches the

pyrometer, when the heater-cavity is at a known temperature, T and

c ’
has a known emittance at 0.65 um of € This radiation must pass through
the sample which has a transmittance at 0.65 ym of Ts , and through the
test-chamber window with a transmittance of T to reach the pyrometer,

therefore:

C

S R '
NA(TC) - 5 c2/>\T (60 TsTw)
A e ¢

(4) Now when the radiance of the pyrometer filament is made to match that of

the incoming radiation, then:
N, (Tg) = N, (Tp) + N, (T,)
which, after transposing and collecting terms, becomes:

Tp

T =
T c2/ ATg

1 Ty 1 €cTs\ e
T e,/ in = ¢,/ AT
CalA €s Tw s / g2/ Ve

This equation serves to demonstrate the effect of sample transmittance on the

pyrometer determined sample temperatures, and some results for typical sample test
conditions are presented at the end of the next subsection. Before discussing results,

however, the following characteristics of the equation should be mentioned:
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e When the sample transmittance ( TS) is zero, the equation reduced to the
standard pyrometer equation.

e  When the last term in the brackets is small relative to the first, i.e., when
Ts is small and/or Tc is not much larger than TB ,» then the error in-

volved when using the standard pyrometer equation is small.

e Finally, as the brackets term approaches zero, TT approaches zero; and
the equation becomes indeterminant when the second term in the brackets is
equal to or greater than the first term. This corresponds to the case where
all of the incoming radiation originates from the heater cavity and none

originates from the sample.

8.6.4 RSI Coating Sample Results

Emittance property test results are reported for two samples of LMSC/0042 coating
which were initially tested in vacuum, then exposed to five static-air test cycles
(Sample No. 2) and five Mach 1.1 flow-test cycles (Sample No. 3), then retested in
vacuum (Sample No. 3 only); and one sample of the MDAC/HCF coating (Sample No. 4)
which was tested in vacuum before and after five static-air test cycle exposures. The
initial and final room temperature properties of the samples indicated by the reflec-
tance measurements are shown in Table 34. The measurements indicate that no
significant property changes occurred in the 0.3to 1.8 {m spectral region as a result
of the test exposures, and this correlates with the observation of no change in the
visual appearance of the samples. Post-test reflectance measurements for the region
between 2 and 16 ym were not obtained.

Results of the room~-temperature spectral transmittance measurements for each of the
coating materials are shown in figure 67. The LMSC/0042 coating measurements
shows a peak transmittance of 2.7 percent near 0.45 ym which drops off to about 1.7
percent at 0.65 pm and down to about 0.3 percent at 2.5ym. The MD;XC/HCF coating
appears to be opaque at wavelengths out to about 0.9 pm and then shows increasing
transmittance to about 1.6 percent at 2,5 um. Assuming that these transmittance
characteristics also apply at the elevated test temperatures, it will be shown that the
transmittance at 0.65pm of the LMSC/0042 coating samples can cause significant
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Fig. 67 Room Temperature Spectral Transmittance Data for RSI Coating Samples
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Table 34

INITIAL AND FINAL ROOM TEMPERATURE PROPERTIES OF
RSI COATING SAMPLES

Sample I.D. ag |, (Pyrom)leqy A A
No. A=0.65 um 0.3pum < A<l.8um|2pum < p<16 pm
LMSC/0042 Coatings
Initial 0.80 0.78 0.90 See Figure 68 See Figure 68
Final

No. 2 (5 Static Air-
Cycles) 0.81 0.78 N. M. See Figure 70 N. M.

No. 3 (5 M1.1
Cycles) 0.82 0.79 N.M. See Figure 70 N. M.

MDAC/HCF

Coatings
Initial 0.90 0.96 0.93 See Figure 69 See Figure 69
Final

No. 4 (5 Static Air-
Cycles) 0.90 0.95 N. M. See Figure 71 N. M.

N.M.: Not measured.

temperature measurement errors with the optical pyrometer due to transmitted
energy from the higher-temperature cavity behind the sample. This source of error
is evidently not present for the MDAC/HCF samples, and the dirficulty experienced in
matching the pyrometer filament to the surface brightness for this material is
apparently due to some other cause, possibly to real surface temperature variations

since the texture of this coating is coarser and rougher than for the LMSC/0042 coating.

A summary of the test-temperature conditions obtained during the vacuum and
exposure-test cycles of the three RSI coating samples is shown in Table 35. The table
lists the temperatures at which the heater cavity was operated, the corresponding

sample brightness temperature (pyrometer) readings that were obtained, and the 'true’
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Table 35

SUMMARY OF HEATER AND SAMPLE TEMPERATURE CONDITIONS
FOR RSI COATINGS SAMPLE TESTS

_ Heater Cavity Sample True Sample
Sam%snlg(i)t'ion Test Temp. Brightness Temp. Temp (For ‘TS=0%)
(K) CK (°K)
LMSC/0042 — No. 2 1301 1041 1057
(In Vacuum) 1634 1254 1278
1804 1401 1431
LMSC/0042 — No. 2 1292 1040 1056
(Static Air Tests) 1649 1295 1320
1783 1402 1432
LMSC/0042 — No. 3 1311 1058 1075
(In Vacuum) 1629 1248 1272
1769 1347 1375
LMSC/0042 — No. 3 1338 1046 1062
(Mach 1.1 Flow Tests) 1675 1245 1268
1792 1308 1334
1786 1295 1320
1765 1276 1301
MDAC/HCF — No. 4 1333 1049 1055
(In Vacuum) 1641 1235 1244
1778 1343 1354
MDAC/HCF — No. 4 1323 1049 1055
(Static Air Tests) 1661 1267 1276
1789 1367 1378

sample temperatures that were used for the sample emittance determinations. The
cavity temperatures listed are the center-sidewall temperatures of the heater that
were indicated either by attached thermocouples or by corrected pyrometer readings.
These temperatures were controlled by manual adjustments of the heater power to
approximately the same levels during each test cycle. The sample brightness
temperature readings are for the center areas of the samples that were viewed by the
radiometer. The 'true' sample temperatures are those determined using the standard
pyrometer equation, i.e. assuming no sample transmittance error, and the room-

temperature values for e, at 0.65pum listed in Table 34. The temperatures shown

A
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for the static-air and Mach 1. 1-flow test conditions are averages for the five test
cycles for each sample. The three sets of data for LMSC/0042 Sample No. 3 at its
maximum test temperature during the Mach 1.1-flow tests are for the three different
pressure conditions during this portion of the test cycle (see figure 6). The tempera-
ture drops observed during this portion of the test cycle, when the applied heater power
was maintained at a constant level, illustrate the effects of increasing convective heat
losses from both the sample and the heater due to the higher mass-flow rates in the

Mach 1.,1~flow test environment.

A summary of the sample temperatures and total normal emittance values obtained
for the three coating samples before, during and after their cyclic exposure tests is
shown in Table 36. The temperatures listed are "true' temperatures based on the
assumption that the samples are opaque, i.e. Ty T 0% at 0.65 um. If sample
transmittance errors are present in this data, their effect is such that the *true’

temperature values should be lower and consequently, the € values should be

higher. Examples of these effects are shown at the end of t:hrf;\I section for sample
transmittance cases of 1 and 1.5 percent and appear to be the most likely explanation
for the low €N values obtained for the LMSC/0042-coating samples ai the lowest

test temperatures and during the Mach 1. 1-flow tests. At the two higher test tempera-
tures, €TN values for LMSC/0042 sample No. 2 averaged 0. 83 in vacuum and 0. 86

in the static-air test environment. Therefore, the error in these values due to trans-
mittance would not be more than 10 percent, which corresponds to a temperature error
ry determinations for LMSC/

0042-Sample No. 2 are small and indicate that no significant change in sample emit-

of 2.5 percent. Variations in the high temperature €
tance properties occurred as a result of the five static-air exposure cycles.
The TN values obtained for Coating Sample No. 3 during the Mach 1. 1-flow-test

cycles are generally about 20 percent lower than those obtained for Sample No. 2.

These low values are almost certainly due to larger temperature determination errors
resulting from convective cooling of the sample surface in this test environment. Note
that for approximately the same heater-cavity temperatures, Ts values at the highest

test temperatures during the Mach 1. 1-flow test cycles were from 100 to 150° K lower
than the corresponding TS values for Sample No. 2 during the static-air test cycles.
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TOTAL NORMAL EMITTANCE VALUES FOR RSI COATING SAMPLES BEFORE,
DURING AND AFTER EXPOSURE TEST CYCLES

Test Cycle LMSC/0042 — No. 2 LMSC/0042— No. 3 MDAC/HCF — No. 4
Noy (Static Air Tests) (M1.1Flow Tests) (Static Air Tests)
TSR cqy TsCK)  epy TCR)  €py
Initial Tests 1057 0.69 1075 0.68 1055 0.79
in Vacuum 1278 0.82 1272 0.75 1244 0.83
1431 0.84 1375 0.80 1354 0.87
#1 1052 0,81 1060 0.63 1039 0.77
1316 0. 88 1269 0.83 1265 0.91
1409 0. 86 1329 0.81 1371 0.89
#2 1050 0.81 1063 0.63 1052 0.80
1307 0.87 1266 0.76 1277 0.90
1432 0.86 1342 0.76 1388 0.89
#3 1071 0.83 1060 0.64 1061 0.80
1319 0.87 1263 0.76 1271 0.90
1451 0.85 1348 0.77 1388 0.89
#4 1027 0.80 1063 0.61 1058 0.75
1322 0.87 1284 0.72 1287 0.88
1426 0.87 1323 0.66 1373 0.86
#5 1071 0.84 1054 0.55 1064 0.80
1328 0.85 1234 0.67 1281 0.87
1459 0.84 1310 0.76 1398 0.87
- Final Tests 1065 0.73 1074 0.78
in Vacuum (Not Measured) 1272 0.83 1281 0.87
1362 0.87 1398 0.86

Cooler surfaces in combination with higher cavity-to-sample temperature ratios will

result in larger sample temperature determination errors when sample transmittance

occurs. The final test data in vacuum for Sample No. 3 indicate that its emittance

properties were similar to those of Sample No. 2 and were not significantly affected

by the five Mach 1.1 flow test cycles.
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Total normal emittance values obtained for the MDAC/HCF coating sample, both in
vacuum and during the five static-air test cycles, indicate that this coating was also
unaffected by the static-air exposure cycles. At the two higher test temperatures,
€N values averaged about 0.89 and are presumably free of any Atemperature deter-
mination error due to sample transmittance, Temperature measurement error may be

the reason for the lower ¢ N determinations at the lowest test temperatures since the

T
uncertainty in the pyrometer readings was greater here than at the higher test temper-

atures.

The effect of sample transmittance at longer wavelengths (A > 1pm) on the ¢ TN
determinations, which is also discussed at the end of this section, is opposite to the
effect discussed for pyrometer temperature measurements. In this case transmitted
cavity energy will be superimposed on the radiated sample energy that is meas-
ured with the radiometer, with the result being erroneously high radiometer readings

and ¢ determinations, It will be shown that for the highest temperature condi-

TN
tions obtained in these tests, as long as the average sample transmittance in the

1 to 3pm region does not exceed 2 percent, the error in € should not exceed

TN
5 percent.

Spectral emittance measurements were made along with the total normal emittance
measurements for each sample during their initial and final tests in vacuum for
comparison with the room~temperature measurements and to.indicate any changes
that may have occurred as a result of the cyclic exposure tests. The initial results
for the two LMSC/0042 samples at three test temperatures are compared with the

room-temperature €. curve in figure 68, and similar results for the MDAC/HCF

sample are shown in >f\igure 69. The data for both coating materials indicates
apparently large increases in the ¢ A values with increasing temperature, but most
of these changes are attributed to sample temperature error, particularly for the
LMSC/0042 coating samples at the low test temperatures. It seems highly unlikely
that the € values would drop by the amount indicated in figure 68 between room
temperature and 1075° K, and then increase back to approximately their 300° K values

between 1075° K and 1430° K without showing a significant and permanent change in

8-95

LLOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED MISSILES & SPACE COMPANY, INC.
A SUBSIDIARY OF LOCKHEED AIRCRAFT CORPORATION



LMSC-D352380

seanjexeduia], InoJ 18 so[dwes 8u3eo) ZH00/OSI'T I0J Byeq OUBNIWH Texyoadg Tenul 89 ‘814

(wr) HIONATIAVM

9T P1 g1 01 8 9 4 4 0
_ _ _ ] _ _ _ ] _ I , ] _ _ 0
(poanseomy) 0870 = 13 SLGLLT = °L ‘e "ON TTdWVS §
(poanseay) $8°0 = ““l's SLISHT = 1 ‘2 "ON TTAWVS 20
. Zan 4 m [
(poansea|) GL°0 = 3 '3L,2LZT = L ‘€ "ON dTdINVS
~ L] ZrH.- [1 w £ » T
(poansea|) 89°0 = "3 ‘SLSLOT = L ‘€ "ON ATANVS
; oo NI « S_ . .
(poanseol) 69°0 = "3 ‘SLLSOT = X ‘Z "ON ITJNVS —1%°0
(syuoweanseol ¢ d woxg) 0670 = s ‘s,00g = oL ¢ e
/7 7]
V4
\\ \4 - @no
PEN \
4
?l!l'l"'l‘l"ll .
Av___ R -
Hl’ -

8-96

LOCKHEED PALO ALTO RESEARCH LABQRATORY

INC.

CORPORATION

LOCKHEED MISSILES & SPACE
SUBSIDIARY LOCKHEED

A

COMPANY,

AIRCRAFY

OF



LMSC-D352380

seanjexedwe], anoJ je ofdures Suryeo) IDH/OVAIN I0] BIBQ 9duBPIWy [B1}0ods TeIIUl 69 814

() HIONTTIAVM

91 I 21 01 8 9 b 2 0
_ _ _ | _ T _ T ~ _ _ _ _ _ _ 0
(poanseoly) 18°0 = NIy ‘sp3cer 1v ¥ —z°0
(poanseor) £8°0 = Ly ‘g ppzI LV €
(poanseon) 64°0 = Ly ‘specor v 2

NIy <sp00e 1v T N M

(eeq ‘0 woxg ‘peyernore) £6°0 =

1
g v - - EI e e

- -~ L - - 0

8-97

LOCKHEED PALO ALTO RESEARCH LABORATORY

LOCKHEED

A

INC.

CORPORATION

COMPANY,

MISSILES & SPACE

SUBSIDIARY

AIRCRAFT

LOCKHEED

OF



LMSC-D352380

sample properties. No such change was detected however from either the ¢ TN
determinations shown in Table 36, or from comparisons of the initial and final ¢ A
determinations. Also, the fact that the changes are largest at the short wavelengths
and smaller at the longer wavelengths is indicative of the differences being due to

temperature determination errors.

A comparison of the initial and final €5 data for the two LMSC/0042 coating samples
is shown in figure 70. The final high temperature data for Sample No. 2 was obtained
during the last, static-air test cycle whereas the remaining data for both samples was
obtained during the initial and final tests in vacuum. The post-test reflectance data
for both samples in the region 0. 3pm < A < 1l.8um is algso shown for comparison
with the initial reflectance characteristics for these samples. With the exception of
the high-temperature data point at A = 1.45pm, the final € A characteristics for
both samples appear to be essentially the same and indicate little or no difference
between the static-air and Mach 1. 1-flow test exposures. Differences between the
initial and final characteristics of the samples are also small, except for Sample No. 3
at the two shortest wavelengths, and these cannot be considered Significant in view of

the uncertainties involved in the sample transmittance and temperature determinations.

The initial and final high-temperature € characteristics for the MDAC/HCF coating
sample are compared in figure 71 along with the pre- and post-test reflectance data
for the 0.3 uym < A< 1.8pm region. The emittance characteristics of this sample
also appear to be unaffected by the five static-air exposure cycles except for the
single measurement at 2.7 pm and for slight changes in the room~temperature reflec-

tance curve at wavelengths below 1.1 pm.

While the results shown in figure 70 and 71 serve to indicate that the emittance
properties of these two coating materials were not significantly affected by the
exposure tests, the absolute accuracy of the emittance determinations remains un-
cértain because of possible sample transmittance effects. The first and most serious
error arises from sample transmittance at 0.65 pm which results in sample tempera~-
ture determinations that are too high and consequently, sample emittance determina-

tions that are too low when measurements are made under the conditions used for these
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tests, i.e., with a high-temperature backface heater. Errors of this typé appear to
apply to the LMSC/0042 coating samples but not to the MDAC/HCF coating.

The effect of sample transmittance values of 1 percent and 1.5 percent at 0.65 um on
the sample temperature determinations for LMSC/0042 Sample No. 2, using the
typical test-temperature conditions that have been described earlier, are shown in
Table 87. Typical heater-cavity temperatures and the corresponding brightness
temperature readings for the sample obtained with the optical pyrometer are shown in
the first two columns of the table. The third column shows the 'true' sample tempera-
tures obtained using the standard pyrometer equation, which applies when the sample
is not transparent. The last two columns show the 'true' sample temperatures that
are obtained for the two transmittance cases using the modified pyrometer equation
described earlier in this section and the assumptions about cavity emittance, sample
emittance and window transmittance that are indicated with the table. At the lowest
test temperature, the error resulting from assuming Tq to be 0 percent is seen to
amount to about 3.4 percent if Ts is really 1 percent; and if Ty is 1.5 percent, the
temperature error increases to 5. 8 percent. Therefore, T is highlv sensitive to
small changes in Ts for these test conditions; the reason being the large cavity-to-
sample radiance ratio that exists at these temperatures. At the highest test tempera-
ture the cavity-to-sample radiance ratio is smaller, (even though the temperature
ratio is larger), and the sample temperature determination errors for the two trans-

mittance cases decreases to 1.4 percent and 2.3 percent, respectively.

The effect of the temperature differences shown in Table 37 on the spectral emittance
determinations for Sample No. 2 are illustrated in figure 72, for the low temperature
test case, and figure 73 for the high temperature case. At the low test temperature
figure 72 shows that the sample temperature error associated with a sample trans-
mittance of 1.5 percent at 0.65 um would easily account for the low € A values that
were obtained for the LMSC/0042-coating samples. The effect is so sensitive to Tq
that corrections for a sample transmittance of 1.7 percent, as was indicated by the
room-temperature measurements shown in figure 67, are too large and result in €
values that are greater than 1, At the high test temperature figure 73 shows that cor-
rected €5 values larger than 1 are obtained even for a sample transmittance value of

1 percent at 0,65 um. Therefore it appears that Ty May decrease with increasing
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Table 37

CALCULATED EFFECTS OF SAMPLE TRANSMITTANCE AT 0.65pum ON
TRUE TEMPERATURE DETERMINATIONS FOR LMSC/0042 COATING
SAMPLE NO. 2

Heater Sample

Cavity Brightness True Sample Temp. (°K) For:

Temp. Temp. _ _ —
(OK) (o K) TS = 0% TS = 1% TS =1, 5%
1301 1041 1057 1022 999
1634 1254 1278 1253 1236
1804 1401 1431 1411 1399

Note: Calculations are based on the following assumptions:
1) (1) Emittance of heater cavity is 0.80 at A = 0.65um.
(2) Emittance of sample surface is 0.78 at A = 0.65pum.

(8) Transmittance of the glass window through which the pyrometer readings
are obtained is 0.92 at A = 0.65 um.

temperature and that the temperature and emittance determinations for these samples

at the high test temperatures are approximately correct as reported.

A second, less-serious error associated with sample transmittance involves the
effect of transmitted cavity energy.at the wavelengths measured by the radiometer.
When this occurs the radiometer signals and resultant emittance determinations are
too high because of the transmitted cavity energy that is siuperimposed on, and
detected with, the energy radiated by the sample. This error will be proportional to
the cavity-to-sample radiance ratio, the cavity-to-sample emittance ratio, and to the

sample transmittance value — all at the wavelength of interest.

The errors associated with sample transmittance values of 1 percent and 2 percent at

each of the narrowband-filter wavelengthé for the radiometer have been calculated for

the three typical temperature conditions used in these tests and are shown in Table 38.
The maximum errors occur for the intermediate test-temperature case because of

the larger cavity-to-sample radiance ratios that are obtained at these temperatures,
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Table 38

CALCULATED ERRORS IN RADIOMETRIC €; DETERMINATIONS FOR SAMPLES
THAT ARE PARTIALLY TRANSPARENT AT THE FILTER WAVELENGTHS ~ FOR
THREE TYPICAL TEST-TEMPERATURE CONDITIONS AND TWO SAMPLE

TRANSMITTANCES
A Case A Case B Case C
(m) Tg = 1% Ty = 2% s = 1% Ts=2% | 174 =1% Tg = 2%
1.45 6.4 12.1 7.1 13.2 5.1 9.7
2.2 3.6 6.9 3.8 7.4 3.1 6.0
2.7 2.9 5.6 3.1 6.0 2.6 5.1
3.4 2.4 4.7 2.6 5.0 2.2 4.4
4.25 2.1 4.1 2.2 4.4 2.0 3.9
4.85 2.0 3.9 2.1 4.1 1.9 3.7
5.45 1.8 3.7 2.0 3.9 1.8 3.6
7.95 1.6 3.3 1.8 3.5 1.7 3.3
L ,

Case A: For sample temperature of 1050° K and heater cavity temperature of 1300° K.
Case B: For Tg = 1250°K and T¢ = 1650° K.
Case C: For Tg = 1400°K and T, = 1800°K.

Note: The following conditions are assumed for all three cases:

(1) Sample emittance at each wavelength is 0.90.

(2) Cavity emittance at each wavelength is 1.0.

"~ and for all three cases the maximum error occurs at the shortest wavelength. If the
room-temperature values of sample transmittance shown in figure 67 are assumed to
apply at these test temperatures, it will be seen that at A = 1.45 pym the maximum
error in €, attributable to this cause will be on the order of 5 percent for the LMSC/
0042 coating samples; and at A = 2.2 pm will be on the order of 5 percent for the
MDHC/HCF coating sample. Errors in the total normal emittance determinations at
these temperatures cannot be determined without additional knowledge about the trans-
mittance of the coatings beyond 2.5 um, but are estimated to be no larger than about

3 percent.
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Section 9
DISCUSSION AND RECOMMENDATIONS

The operation of the test apparatus developed under this program was successfully

demonstrated as follows:

e The accuracy of radiometric measurements of total normal and spectral
normal emittance was verified through data obtained on a NBS platinum-
rhodium reference standard. The accuracy of these data is considered
to be within 0, 02,

e Uniform specimen pressures and steady flow conditions were achieved for
near sonic (M =1.1), and supersonic (M =2.1), free stream Mach num-
bers, The system has pumping capacity to achieve higher Mach numbers
for heated air conditions., Testing can be accomplished cver a pressure

range of 107° to 760 Torr.

e Consistent emitfance data were obtained for a number of materials over
the range of environments from vacuum to M = 2.1 flow. Maximum test
temperatures were 1650°K, but this upper limit was imposed by test
materials limitations rather than apparatus capability.

The inclusion of a hot gas flow system would be desirable for the testing of electrical
insulators such as the ceramic coatings. During this program these specimens were
heated using a platinum alloy cavity, and the maximum specimen temperature was
limited to approximately 1850°K for flow conditions. This maximum temperature
was constrained by the necessity to operate at the upper temperatl{re limit of the
cavity material, 1900°K, considering convective heat transfer and low thermal con-
ductivity materials. By using a heated air system, operation could be achieved at

temperatures equal to or slightly higher than the cavity temperature.
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A second consideration for the use of heated air concerns some ceramic like materials

in which there is the possibility of a low level of transmittance in certain spectral band
widths. By having to operate the cavity at significantly higher temperatures than the
surface temperature; a small fraction of transmitted cavity energy can drastically increase
pyrometric temperature measurement errors and subsequently the error in emittance.

By using a hot gas stream the surface temperature can be operated slightly above cav-

ity temperature, and for nearly opaque materials a small transmitfance is much less

significant to the temperature error.

Measurement of surface temperature remains the principal source of error in the
emittance data obtained during this program. Under flow conditions temperature
gradients generally are present in the test area, and it is necessary to determine this
temperature distribution for the radiometer view area. Above 1100°K this is readily

accomplished using an optical pyrometer.

Little effect of flow conditions on emittance was observed for the materials investigated.
Some changes were noted between the "as prepared' condition and the initial exposure to
either a static or a flow environment for the coated refractory metals. After the initial

exposure to air, however, no further changes in emittance of any significance occurred.
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Appendix A

EMITTANCE DATA FOR TI-6AL-4V AND COATED RENE 41
SAMPLES SUPPLIED BY MSFC

Total and spectral emittance characteristics of nine metal-strip test specimens were
measured at temperatures to 1145°K in order to evaluate several coatings and heat-
treatment techniques. The specimens, eight Rene 41 test strips and one anodized
titanium-alloy test strip, were prepared at MSFC and forwarded to LMSC for testing
in the LMSC High—Tempefature Emittance Test Apparatus. Discussions of specimen

description, test method, and experimental results are presented in this appendix.

A.1 SPECIMENS

The test specimens were coated or heat-treated metal strips with the following

dimensions.
Length: 20. 3-cm (nominal)
Width: Uniform, between 1. 70 and 2. 56-cm

Thickness: Uniform, between 0. 043 and 0. 163-cm

Sample identification numbers together with brief descriptions of the preparation
- methods as supplied by MSFC and "as-received" appearances are given in the follow-
ing paragraphs:

e Sample No. I: Rene 41 with one coat of Solar SP-43A-I coating. Sample

appearance was uniform dull black or dark gray with two

vertical streaks down the length of one side.

e Sample No. II: Same as No. I but with dipped-coating of Solar SP-43A-I;

uniform dull black color.

e Sample No, 1: Rene 41, re-solution annealed in air at 1350°K, then

oxidized for 16 hrs at 1033°K in air. Sample appearance was

dull, mottled gray.
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e Sample No. 2:  René 41, oxidized for 16 hrs at 1033°K in air. Sample

appearance was fairly uniform, dull gray.

e Sample No. 3: Ren€ 41, oxidized for 4 hrs. at 1170°K in air. Sample

appearance was fairly uniform, dull, dark gray with a

few scratches and small, scattered dark spots.

e Sample No. C2: René 41, heat-treated as follows:

1/2 hr at 1393°K in air.
Cooled to room temperature in air.
4 hrs at 1173°K in vacuum.

Sample appearance was uniform, slate-gray color.

e Sample No. D2: Ren€ 41, heat-treated as follows:

1/2 hr at 1350°K in air.
Cooled to room temperature in air.
16 hrs at 1033°K in vacuum.

Sample appearance was uniform, - slate-gray color.

e Sample No. A2: Rene€ 41, heat-treated as follows:

1/2 hr at 1393°K in vacuum.

Cooled to room temperature in vacuum.

3 hrs at 1173°K in vacuum, then

2 hrs at 1173°K in air.
Sample appearance was fairly uniform, dull gray color
with several scratches and lead-pencil marks on both sur-
faces. This sample was formed by spot-welding two
0.043-cm thick strips of René 41 together (back to back).
One of the strips was only half as thick as the upper section.
Also, a 0. 6~cm diameter hole had been drilled or punched
through the center of the test strip about 6. 5-cm above the
bottom (thin) end.

e Sample No. E1: Anodized titanium alloy (Ti-6A1-4V). Sample appearance

was uniform, dull greenish-gray color.
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Each of the test strips was instrumented with five Pt/Pt-13% Rh thermocouples spot-
welded to one edge of the strip — one at the mid-length centerline of the strip, two
located *1. 0-cm above and below the centerline thermocouple and two located %1, 5-cm
from the centerline. The thermocouples were made from 3-mil diameter bare wire

(to minimize thermal conduction losses from the sample), and served to indicate the
temperature of the central test-section of the sample. The platinum legs also served
as potential measurement taps for determining the voltage drop, and hence 12R heating
power, generated across the test section of the sample. The overall length of each
sample thermocouple was approximately 35-cm from the sample to the baseplate feed
through, from which extension leads led to a reference junction ice bath, voltage

measurement box, and the'measuring potentiometer.
A.2 TEST PROCEDURES

The eight Ren€ 41 samples were tested at 700°K, 923°K, and 1143°K in vacuum to
determine the following emittance properties at each temperature: total hemispherical

emittance, GTH ; total normal emittance, and spectral normal emittance, €5

€ 5
at wavelengths between A = 1lym and A = 1’;‘;\1711. After being heated to 1143°K, each
sample was maintained at that temperature (or power level), for periods of from 20

to 72 hours to evaluate the emittance stability of the sample under these test conditions.
The total emittance properties of each sample were then remeasured at each of the three
test temperatures as the sample was cooled to room temperature, prior to terminating

, the test. Exceptions to this general test procedure are noted for Samples #1 and #A2 in

the discussion of results which follow.

The test procedure for the anodized titanium sample was the same as described above
but at two lower temperatures, 423°K and 700°K, and spectral measurements were

obtained only at the 700°K test temperature.

Sample heating and cooling rates were controlled manually with a Variac control to the
10 KVA power transformer, and did not exceed 4°K/sec. All the tests were made in
vacuum and the ion-gauge-indicated chamber pressure remained steady at 1 x 10"5

torr at all test temperatures.
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Before and after the elevated temperature emittance tests described above, the foliow-

ing room-temperature emittance properties for each sample were determined:

e Total Emittance, € (800°K) inferred from total IR-Reflectance Measure-
ments with a Gier-Dunkle Model DB-100 Reflectometer

e Spectral emittance (or absorptance) from ) = 0.28ym to A = 1.8um, infer-
red from spectral reflectance measurements with a Cary Model 14 Spectro-

photometer with an Integrating Sphere Reflectance attachment.

These supplemental measurements served to verify changes in sample appearance or
emittance that were observed during the high temperature tests. The methods used
to determine the total and spectral emittance characteristics of these test specimens
were the same as described earlier in this report.

A.3 EMITTANCE DATA

Results of the spectral emittance tests for the nine MSFC-supplied test specimens are
shown in figures A1l through A9. Figure Al shows the spectral emittance characteris-
tics of the anodized Ti-6A1-4V sample (No. E1) at a test temperature of 700°K and at
wavelengths from 1.5 to 15 um, Short wavelength emittance characteristics inferred
from room-temperature reflectance measurements of the center test-section area of
the sample before and after the high-temperature emittance test are also shown. The
 infrared emittance values are in good agreement with the independently-measﬁred
total normal emittance values obtained for this sé,mple at 433°K and 700°K, and show
that the reason for the observed drop in €N with increaémg temperature is due to
lower €, in the region from 1.5 to 8 um relative to the higher €\ values at A > 8 ym.
The pre- and post-test reflectance data indicated a slight increase (about 1%) in emit-
tance (or absorptance) in the 0.6 um = A = 1.8 um spectral region as a result of the

emittance-test exposure of 69 hours at 700°K in vacuum (10"5 Torr).
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Figures A2 and A3 show spectral emittance data for the two Solar SP-43A-I coated
Ren€ samples (No. I and No. II) at test temperatures of 700°K, 923°K, and 1143°K.

These curves indicate that significant changes in €, occurred during the emittance

A
tests of these samples; however, the net effect of these changes or the total emittance
properties of the samples is small, and the data is in good agreement with the

independently-measured ¢ values at each temperature.

TN

It should be noted that several of the determinations result in €y values greater than 1,
and these errors could be due to one or a combination of measurement errors in the
following parameters: (1) sample temperature determination, (2) KBr window trans-
mittance, (3) reference blackbody temperature, (4) blackbody mirror reflectance, or
(5) blackbody and/or sample signal measurement errors. Errors in the window trans-
mittance and mirror reflectance values used for these tests would be systematic for
all the sample emittance determinations made in this study and are believed to not ex-
ceed 1 percent. Similarly, blackbody temperature indication errors would also be
systematic for all the tests and are believed to not exceed £3 K (£0.3% at 1143°K).
Signal measurements are believed accurate to £1%, consequently errors in the signal
ratios should not exceed #2%. The most likely source of error is in the sample tem-
perature determinations; however, thermocouple and optical pyrometer readings have
been carefully analyzed for each sample in order to minimize these errors, and they
are believed to not exceed +1% at each test temperature. (Note: TS errors for the
total emittance determinations at 923°K and 700°K during the cooling portion of the
test cycle may be slightly higher due to thermocouple-calibration éhanges after the

' 1143°K stability-test exposures and the inability to verify the thermocouple readings
at these temperatures with optical pyrometer readings.) If the high € values for
these two samples are indeed due to low TS determinations, the '"corrected" €5
values in the 1 to 5 um region will be significantly lower than are shown in figures A2
and A3.

Pre- and post-test reflectance data for Sample No. I indicates that the room-
temperature emittance of this sample in the 0.3 ym = A = 1.8 um region was essentially
flat at 0.95 and did not change more than +2% after 69 hours at 1143°K in vacuum. The
initial room-temperature emittance curve for Sample No. II dropped off considerably
atA> 1.0 ymtoalowof 0.83at A = 1.8 um. Affer a 20-hour exposure at 1143°K in
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vacuum, however, the room-temperature emittance curve was similar to that for
Sample #I. This change correlates with the initially lower total emittance values
obtained for this sample, and the subsequent increase in total emittance after the
20-hr stability test exposure.

Spectral emittance characteristics for the various oxidized Ren€ 41 test samples
are shown in figures A4 through A9. The data for Sample No. 1, figure A4, indi-
cates that at wavelengths greater than2ym. € A for this oxide coating was not highly
temperature-dependent and did not change significantly after 70 hours at 1143°K in
vacuum. A large change in the room-temperature values between 0.3 ym and 1.8 ym
was indicated, however, by the post-test reflectance measurements. This change
correlates with the significant color change that was observed for this oxide coating

at the conclusion of the high-temperature emittance test.

The initial €, characteristics for Sample No. 2, figure A5, differed considerably
from those for Sample No. 1 at 700°K and 923°K and featured a broad, low-
emittance band in the region from 7 to 15um. At 1143°K, however, €, was ob-
served to increase dramatically at wavelengths longer than 5uym, and after 27 hrs at
1143°K, €, inthe2um<A < 5pum region also increased. These changes correlate well
with the independently-measured total emittance values for this sample.

The initial €, characteristics for Sample No. 3, figure A6, were similar to those

for Sample No. 2, with the exception that the large increase in ¢, at wavelengths

longer than 7uym wasnotobserved until after the 69-hr stability—tezt period for this
sample at 1143°K. After this time, both the spectral and the total emittance proper-
ties of these two samples were observed to be closely alike. - Unusual color-change
patterns were observed for the oxide coating on Sample No. 3 after the high-
temperature emittance tests. Post-test reflectance data for the lighter, yellow-
green areas and the darker gray areas which developed on the front (viewed) face of

the sample strip are shown by curves 6a and 6b on figure A6,

The initial and final € characteristics for Samples No. C2 and No. D2, figures A7

and A8, were observed to be almost identical to one another and to those described

earlier for Sample No. 1. Changes in the appearance of these samples after their
A-9
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high-temperature emittance tests was from an initial slate-gray color to a mottled
yellow-~green/gray color. These changes correlate with the differences indicated by

the pre- and post-test reflectance data for these samples.

The initial €, characteristics for the oxide coating on Sample No. A2 are shown in
figure A9 and are seen to be similar to those for Samples 2 and 3 at 700°K and 923°K.
No additional emittance data was obtained for this sample because of a sample failure
as it was being heated to 1100°K.

As mentioned earlier in the discussion of errors associated with the results for
Samples I and II, comparisons were made of the absolute sample temperature
indications by optical pyrometer readings at 1143°K, using €5 values at A = 0.65um
indicated by the room-temperature reflectance measurements for each sample, with
the temperature indications obtained from the sample thermocouple readings. The

results of these comparisons are as follows;

1) The initial 1143°K test temperatures indicated by the sample thermo-
couples are generally low by about 0. 5% (5°K), relative to the pyrometer
temperature indications. This difference is in addition to the edge-to-
center temperature differences for each test strip which were observed

with the optical pyrométer.

2) After each of the sample stability test periods at 1143°K, the pyrometer to
thermocouple temperature indication difference increased to between 1.0
and 1.5% (10 to 15°K), presumably due to changes in the thermal emf cali-

bration for the 3-mil, bare-wire thermocouples.

The emittance results presented in Table A-1 include corrections to TS for the above-
mentioned thermocouple errors. It should also be noted that the 923°K and 700°K test
values listed in Table A-1 which were determined after the 1143°K test exposures do
not include any additional corrections to T s to account for possible changes in the
thermocouple calibration and are therefore suspected to be from 1 to 3 percent too
high.
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